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Root-knot  rremsiodes  (Melotdogyne  spp,)  are  agronomic  pests  that  iailict 
substantial  losses  in  the  worldwide  production  of  a variety  of  economicaJly  important 
vegetable  and  other  crops.  In  light  of  the  approaching  United  Stoles  Environmental 
Protection  Agency  (USEPA)  ban  on  methyl  bromide,  a soil  Itimignnl  that  is  currently  ibe 
most  elTcctivc  ncmniicide,  nltenistives  are  actively  being  songbL  Pasieurto  pemirans  is  a 
Gram-positive  cadospoce-foiming  bacterium  that  is  an  obligate  pnmsiic  of  many  plant 
parasitic  nematodes  iocluding  MeloiJogyne  spp.  and  is  a promising  bloconirol  agent  P. 
ptnetranx  ha.s  not  been  successfidly  cultured  tn  vilro  and  therefore  cannot  be  enumerated 
by  traditional  bacteriological  metbods.  This  has  obstructed  research  on  its  biocootrol 
c^bility.  A monocional  antibody  (MAb  2A4ID10)  produced  against  Pasiffwia 
endospores  bos  been  shown  to  bind  an  epitope  present  aa  a component  of  the  spore 


lion  procedure  is  presenled  that  when 


applied  lo  soil  and  ground  diy  plant  miuerial  Is  shown  to  cffccUvely  liberalc  spore 
envelope  antigen  for  direct  application  in  ELISA.  The  study  analyzed  several  iiidlieci 
EUSA  sebemes  lo  quantify  Paaeuria  spores  in  soil  ituiutces.  Linear  regression  annlyas 
of  soil  spore  concentrations  produced  line  fits  of  r^  * 0.96  and  indicated  a conservative 
minitnum  detection  limit  of  a 3000  spore&tg  of  soil.  Extraction  cflicieitcy  was  not 
influenced  by  soil  type  for  three  soils  tested.  SDS*PAGE  icirnuDoblot  pruftles  of  soil 
ettltncied  antigen  provided  signature  peptides  upon  comparison  with  the  ptoEle  of 
extracts  of  purified  codospores.  thus  confirming  the  results  of  the  ELISA.  MAb  2A41D10 
was  challenged  with  spore  ctivelope  exlracls  obtained  &om  n number  of  Grnm'posilive 
bacteria  culruied  from  test  soils  and  ATTC  strains  and  demonstnued  spceiftciiy  for 
Pasiiuria  spp..  The  spore  epitope  is  shown  to  bind  living  infective  juvenile  (J2) 
nenuUodes  as  well  as  solubilized  cuticle  peptides.  Infective  Meloitiogyne  J2  cuticle 
peptides  of  Mr-  34,  45.  55  kDa  appear  os  receptora  for  ^re  ligands.  Therefore  MAb 

of  Pasleuria  endospores  to  the  nematode  cuticle  as  a prerequirite  lo  the  infection  process. 
This  establishes  the  MAh  as  a derinilive  probe  to  delect  the  puialive  virulence 
dcicrminaol  oo  Pasleuria  endospores  as  a basis  for  esiimaling  soil  suppressivity.  N- 
tcrminal  sequences  were  obutined  for  pepUdes  harboring  the  MAb  epilupc  and  were 
found  10  have  sequence  homology  lo  major  hislocompolability  complex  (MHC)  class  I 
molecules  and  most  closely  aligned  with  proteins  of  the  free-living  nematode 
Caewjrhabdiiis  elegans.  This  is  the  first  description  of  a bacterial  virulence  factor  having 
primary  sequence  homology  lo  Ihc  eukaryotic  genome.  This  suggests  a host  role  in 


i result  of  an  evolutionary  diverge 


or  commensal  lo  a pansiUc  celalionship  between  Uie  bocierium  and  its  hosL  Using 
primers  designed  ftom  recently  sequenced  sigE,  apF  and  spollAB  Pasteuria  genes.  PCR 
methods  were  successiully  employed  thal  allowed  dilTcmouiilioo  of  Pasleuria  infected 
versus  uninfected  Meloidogynt  in  crude  DNA  extracts  of  root  galls.  Hiis  nucleic  acid- 
based  dclcclion  system  can  be  used  to  complement  the  intmunoassny  os  means  lo  confirm 
infection  in  Mrloido^m  harboring  pre-sparuladon  stage  bacterial  cellular  development. 


CHAPTER  I 
INTRODUCTION 


Pasteufia  Discovery  ftofl  Hisloncal  Penpeetivc 
rirg  described  by  MelchnibofT  in  1 888  ss  s parasite  of  the  Daphnidsc.  PoHiuna 
is  a Gram-positive,  mycelial  endospoic-fomiing  bacterio  (Metchnikoif.  1888).  All 
described  members  are  parasites  of  invertebrates,  specifkally.  freshwater  planlclon 
phylum  Ajihropoda  and  soil-borne  phylopolhogenic  nematodes  of  the  phylum  Ncrriatoda 
(Ebert  el  al.,  1996).  Unbl  recently  much  confusion  and  speculation  has  surrounded  its 
taxonomy  including  its  placement  within  the  Eubacleria.  RQhberg  (1933)  suggested  that 
the  cladoeenin  parasite  was  a Tania  yeast,  and  Jitovec  (1936)  i^aced  it  into  the 
microsporidia.  and  later  in  1939  into  the  hapiosporidian  genus  Democysiu/iunt  (Ebert  et 
ol.,  1996).  Cobb  (1906)  was  iirat  to  report  on  organism  resembling  Pasletria  spp. 
infecting  Dorylaimus  bulblfenis.  a nematode,  and  suggested  it  was  a sporozoaiL  This 
presumption  persisted  in  the  literature  for  some  70  years  (Chen  artd  Dickson.  1998). 
Micoletzky  (1923)  proposed  placing  it  into  the  Dubosaila  and  in  1940  a parasite  of 
Pralylenchus  praitmis  was  named  Duboscqla  penetrans  (Chen  and  Dickson.  1998).  in 
1973  Mankau  recognized  the  organisms  similarity  to  ^xne-forming  bacteria  tnher  than 
to  protozoa  and  named  it  Bacillus  penetrans  (Chen  and  Dickson.  1998).  Sayra  and 
Weigin  (1977)  recognized  that  a pamsite  of  rool-knol  nemolodes  {Meloldogyne  sp.) 


noso.  Sayre  et  aJ.,  (1983)  requested 


Pasicuria  ramosa  Mclchnikoff  I8S8  uid  the  Judici&l  ConunUEion  for  the  code  of 
fiomeiideture  of  bacieriQ  approved  it  in  1986  (Ebcn  el  al.,  1996:  Sayre  el  al.,  1983). 
Pamaria,  was  “rc^discovered"  a.s  the  bacterial  parable  of  rool-biol  nematodes 
UfloidogyiK  spp.  <Sayre  and  Wergin,  1977)  and  designated  Paileurm  pcnelrara  (Sayre 
and  Starr,  I9BS|. 

To  dale  four  species  eonstilule  die  genus  Paslturm.  Pasicuria  ramoio. 
(Melchnikoff  1888)  the  cindoceran  pomsiie.  and  three  species  associated  with  jdani 
parasitic  neoialodcs;  P.  penetrans  (Thome),  the  MetoUtopyne  pora.sile;  P.  ihomei,  the 
lesion  nematode  (Prarylenchus  S|^.)  parasite  (Starr  and  Sayre.  1988).  and  P.  nlshamvae, 
the  cyst  nematode  parasite  {Heteroekro  spp.  and  Globodera  spp.)  (Nishizawn.  1986; 
Sayre  et  al..  1991).  Distinctive  morphological  differences  in  spore  shape  were  observed 

emanating  bom  the  spore  core  (Sayre  and  Wergin,  1977).  Pasieuria  ramosa  spores  are 
teardrop  shaped,  P.  penetrans  and  P.  thrtmel  spores  ore  saucer  or  cup-shaped  and 
rhomboidal  shaped,  respectively  (Chen  et  al.,  1997a;  Starr  and  Sayre,  1988). 

Recent  16S  tRNA  phylogenetic  analysis  places  Pasteuria  spp.  closely  with  other 
Gram-pontive  spoie-fortners  the  AlleyclobaciUas  spp.,  Thermoactinomyces  spp..  Bacillus 
spp.,  and  5u((b6oc'7/ur  spp.  (Anderson  et  a!..  1999;  Bcknl  etal..  2001;  Ebert  el  al..  1996). 

Cootrol  of  Root-knot  Nematodes  {Melailiogyne  sp.) 

Root-knot  nematodes  were  ffisl  discovered  in  I8S3  by  Berkeley  on  cucumber 
plants  grown  io  a greenhouse  (Christie,  I9S9).  They  are  sedentary  endoparasilcs  residing 


nplete  their  lifecycle. 


I (Delfino  and  Miles,  I98SX  i 


Non-ebemical  iliematives  include  crop  roution  »nd  cover  crops,  fellow  and  dry  lill^e, 
sc»l  floodiiig.  Bsp  croppng  (Christie.  1 959;  Noe  el  el-  1991).  sieain  solerizalion.  organic 
amendments  (Rodriquer^Kahana.  19S6),  and  biocontrol  (Kerry.  19S7;  Morgan*Jonea  and 
Rodnguez-Kabana.  19S7;  Slirling.  1991). 

piomising  biocontrol  agent  for  root-knot  nematodes  (Brown.  1985;  Cben  and  Dickson. 
1998;  Qiblin-Davis,  1990;  tjowen  and  Ahmed.  1990;  Taoniaknkis  et  al..  1997).  The 

been  widely  reported  (Bird  and  Brisbane,  1988;  Cben  el  al.,  1996;  Eddaotidi  and 
Bourljate,  1998;  OosteiKlorp  el  1991)  (Chco  el  al..  1997b;  SIddiqui  and  Mahmood. 
1999;  Stirling.  1984;  Tzorunkakis  el  al.,  1997).  Five  isolates  (or  inotypes)  of  P. 
pen/trans  have  been  descnbed  which  infect  Meloutopym  spp.  in  Florida.  P20  from  M. 
aremiria  (Neal)  Chitwood  race  1.  Levy  County,  FL;  P2S  from  M.  amaha  race  1. 
Alachua  County.  FL;  FIDO  from  M.  armaria  race  2.  M meogniia  and  M.  javanica.  Pa.sco 
county  FL;  PI20  from  M.  irngnlia  and  M.  Javanlea.  Alachua  county.  FL;  and  B4  from 

(Cben  and  Dickson.  1998;  Chen  et  al.,  1997a;  Otrsioidorp  et  aL.  1990).  Studies  of 
Meloidogynr  arenarla  race  1 on  peanut  showed  significant  siqrinession  of  infection  and 
increases  in  production  associated  with  soil  P.  ptneirara  levels  of  between  Ixio'  and 
Ixio’  endosporeii/g  of  soil  (Chen  et  al..  1996).  Ihese  results  mirror  similar  miero-plol 

densilies  have  been  sttoined  through  soil  applicatirm  of  F.  peiwtranr  spores  (Mankauand 
Prasad.  1975;  Oostendorp  el  al.,  1991).  Advantages  to  using  Paslnria  to  control  root- 


knot  nemaiodes  include  die  abilit; 


npliricalion  of  the 


vector  in  the  picacnce 

of  liw  host  and  maintenance  of  a soil  tesidual''  to  address  future  infection,  which  aie 
daiacterisdcs  not  eahiblted  b)-  other  potential  control  msasuies. 

The  initial  step  in  infection  is  the  aniichineni  of  the  Pasieurla  spore  to  the  cuticle 
ofsecond  stage  Me/oidbs«e  juveniles  <X2).  Germination  occurs  some  6 to  8 days  after 
the  endospote  encumbered  12  enters  the  ptani  root  and  begins  feeding  (Sayre  and  StaiT. 
1985).  Following  irtfection,  by  as  yet  a still  unknown  mechanism,  the  female  nematode 
loses  fecundity,  and  the  body  cavity  of  the  mature  female  becomes  fiUed  with  viable 
endospores.  These  spores  are  released  into  the  soil  upon  death  and  decay  of  the 
nemnlode  and  surrounding  rom  tissue  (Figure  2).  As  many  as  2 million  spores  have  been 
observed  produced  in  a single  Uelaidogyv  female  (Mankau,  1980),  In  aridition  to 
obviating  Meloidogyne  reproduction  poEt*planl  infection,  endospores  can  encumber  the 
free-living  J2  (at  high  soil  spore  densities)  to  an  extent  that  they  irte  prevented  them  from 
invading  the  plant,  which  eliminates  plant  infection  and  damage  entitely  (Figure  3). 

Giuomtrpathogenie  Rrielivcs  of  F.  peitelraas 
Several  examples  of  closely  related  insect  pathogens  belonging  to  the  genus 
Bacillus  exist,  and  use  of  these  bacleiia  for  biological  control  has  been  widely  reported 
(Aronson  eial.,  1982;  Cheng  and  Nickerson.  1996:  Hofleand  Whtleley.  1989;  Kalfonet 
ol.,  1984;  Lccadel  el  al.,  1972;  Norris,  1962).  Bacillus  sphaerleus  produces  crystal-like 
inclusions  during  sporulation  that  are  toxic  to  mosquito  larvae  (Cidex  sp.)  (Kalfon  el  al.. 


I Fouibrood.  a dis 


honeybee  larvae  and  inflicUng  losses  lo  die  apiary  industry.  Bacillus  popllllae  and 
Baclllut  leruimorhus  are  related  naturally  occurring  soil  bacteria  that  hove  been  moss 
produced  since  tbe  I940's  forconuol  of  the  Japanese  beetle,  a turf  grass  pesl.  (HofTmonn 
and  Frodshnm,  1993).  Bacillus  ihuringiensls  has  undergone  extensive  development  for 
biocontrol  of  Lepidopetlan.  Colcopieran  and  Dipleran  pests.  Much  is  known  regarding  its 
virulence  machinery,  which  is  expressed  primarily  in  die  form  of  delta,eodoicpxins  by  the 
ay  genes  during  sporulaiion  that  occur  as  crystal  inclusion  bodies  as  well  as  surface 
localized  protein  on  the  spore  (Aronson  el  al..  1982:  Cheng  at  al,  1994;  Cheng  and 
Nickerson.  1996;  HoDe  and  Whiteley,  1989;  Lecadelelal,  1972).  Following  ingestion  of 
the  spore  the  crystaline  protein  is  solubilized  in  the  alkaline  mid^guL  The  solubilized 
protein  undergoes  proteolytic  cleavage  and  die  ‘'ocdvaled''  protein  difluses  through  the 
perilrophic  membrane.  Tbe  protein  binds  to  gut  brush  border  membranes  and  causes 
formation  of  pores,  whicb  disn^  ion  gradients,  e^tecially  potassium  dependent  amino 
acid  transpori  These  pores  permit  germinating  spores  lo  migrate  into  the  hetnciym^ 
eliciting  toxemia  followed  by  sepdeemia  (Cheng  and  Nickeraon.  1996).  Several 
transgenic  crops,  most  notably  com.  have  been  engineered  to  expresa  one  or  more 
varicdcs  of  Cry  prolcioa  to  control  numerous  economically  important  pests.  Although  F. 


he  etiology  and  the  molecular  basis  of  virulence  in  the  Bacillus  sm>.  may  provide  insist 
mo  some  of  the  unknown  mechanisms  of  genninadon.  spondadon  and  host  preferences 


Figure  2:  Graphical  represcnlation  of  ihe  concomitani 
MeioldagyrK  sp.  and  Pasieuria  pewrrans  (R.M.  Sayiv). 


developmental  Ule  cycles  of 


the  ciuicle  of  UeloUhgyne  arenaria  ace  1 juveniles  (J2).  Phologia|dis  wen  obtained 
widi  a Nikon  conti^  microseope  using  at  3D0X  and  400X  magnificalion.  and 


uria  Spore  Co 


Based  upon  Che  eusciiig  evidence  for  Che  presence  of  a glycopcoccinfs)  component 

pencfroas  (Bird  01  al,  1940;  Pemidis  el  al..  1941;  Spiegel  el  al..  1996;  Chnmecki  et  nl.. 
I99g|,  this  invesligation  soughi  lo  1)  Characterize  and  utilize  Ihis  chemical 
detcrminantls)  as  a cool  for  deleciion  and  enumeislion  of  ^res  in  Ihc  eoviranmenl.  and 
2)  u define  specific  interactions  between  the  apora  (ligand)  and  nematode  cuticle  (leclin) 
which  is  a basis  for  vinilence.  Principal  lo  Ihis  invcstigaiion  is  the  use  of  an  anli- 
Pasieuria  P2U  IgM  monoclonal  antibody  (MAb)  produced  by  hybridoma  cell  lin: 
(2A4IDI0)  in  1997  (Chaniecki  et  al..  I99g|.  -niis  MAb  was  produced  against  whole 
Pasicurw  pemrawa  biotype  P20  spores  in  mice.  Imuiiiooglobulin  M (IgM)  and 
Immunoglobulin  G (IgG)  nre  the  two  most  common  immunoglobulins  in  sera  or  secielod 
by  hybridoma  ceil  lines  (Matthew  and  ReichardI,  1982).  IgM  is  a large  -950  kDa 

heavy  and  two  light  chain  variable  regions  (antigen  recognition  regions)  conferring 
decamcric  vaJency  (Ploul  and  Tomasi  Jr..  1970).  The  dcca*valcncy  of  IgM,  provides  high 
substrate  avidity  (Matthew  and  Reichatdl.  1482). 

This  research  in  pan  soughi  lo  prove  that  MAb  2A4IDI0  functions  as  a qxciftc 
probe  for  the  glycosylated  peptide(s)  of  Pasieuria  spp.  iovolved  in  recognition  and 
attachment  to  the  nematode  cuticle  and  can  be  used  lo  detect  viable  endosporea  by 

indicated  that  it  is  blocked  by  wheat  germ  agglutinin  (WCA),  it  inhibits  spore  aiuchmenl 
10  iitfective  Me/oidoj^  J2  by  uplo  ~ 92%,  and  it  has  a molar  ICn  value  of  1.3x10''°  M 


(Chamccki  el  al„  1998).  Specific  implications  are  that  iJiis  MAb  recognizes  both  ponioiw 
oflbe  peptide  and  the  glycan  by  iu  failure  to  recognize  simiiar  giycan  residues  present  on 
fetuin,  ovaibuminand  ribonuciease  B (Cbamecki,  1997). 

Research  Overview 

This  wgA  documcnls  ihe  devciopment  ofa  unique  In  sUu  sml  antigen  exmelion 
method  and  a quantilaiive  inumuioassay  to  enumerate  Pasiruria  spores  in  complex 
cnvitonmenlal  mnDiees  including  field  soils  and  plant  tissue.  Abo  defined  are  specific 
biocbemical  moieties  recognized  by  the  MAb  which  are  associated  wHh  qiore 
recognition  and  attachment  to  nematode  cuticle  receptors.  Two-dimensional  gel 
elecln^horesis  and  N-ienninol  sequence  onaly^s  of  cuticle  reactive  Pasiruria  peptides 
are  presented.  Additionally  the  MAb  was  successfully  praleolytically  digested  with 
trypsin  to  generate  smalt  immuno-reaclive  fragments  that  may  be  used  in  portable  lest 
kits  and  for  fiuther  biochemical  evaluation  using  biosensor  technology. 

The  e^^pc  recognized  by  MAb  2A4IDI0  appears  a.s  a product  of  sporulation 
and  ctmstituics  a supramolecular  structural  component  of  the  spore  envelope  that  b not 
present  in  vegetative  cells.  As  a result  Poaeuria  in  pre-sponilstion  stages  of 
devek^mem.  as  mi^i  be  encountered  in  early-in&cled  root  syaiems.  would  not  be 
detecied  by  immunoassay.  Conversely,  o r>NA-based  PCR  approach  to  detection  b not 
amenable  to  deiecODii  of  mature  endospores  because  nuclear  material  was  foimd  to  be 
very  poorly  released  using  available  DNA  extmclioo  methods,  which  prevenis  sensitive 
detection  of  Pasiruria  in  soil  and  also  in  ioler  stages  of  dcvelopmenl  within  plant  systems 


using  PCR.  Umilations  are  inJiereai  u both  <leteclion  syslems  and  il  was  necaasao'  to 

Pasieuria  gene  speafic  Sig£,  SpollAB  and  AipF  nucleic  acid  primers  were 
developed  and  applied  in  real*rijne  PCR  lo  crude  DNA  extracts  of  infected  reoi  tissue  that 
provided  for  detection  of  Pasieuria  vegetative  cell  development  in  root-knot  nematode 
Infected  plants.  The  presence  of  spores  in  soil  is  not  purely  indicative  of  biocontrol 
potential  based  upon  the  complex  and  as  yet  loosely  defined  basis  for  host  specificity 
between  the  various  Pasieuria  Polypes  and  tbe  large  number  of  plant-parasitic 
nematodes  present  in  tbe  environment.  Detection  of  Pasteuria  in  Mehidogyne  infected 
root  material  using  gene  specific  primers  con  be  used  to  confirm  infection.  Due  to  the 
greater  inherent  sequence  heterogeneity  in  these  genes  ss  compared  to  rRNA,  aigE  and 
spo  gene  sequences  from  additional  Pasieuria  isolates  may  be  used  to  generate  species 
and  possibly  biotype  specific  primers  to  differentiate  Pasieuria.  This  capability  would 
have  a suhsluotlal  impact  on  our  understanding  Pasieuria  [diylogcny  and  ecology. 

The  signiricance  of  determining  the  biochemical  nature  of  Pasieuria  peneirims 

both  in  an  applied  as  well  as  fundamental  manner.  At  tbe  present  rime  it  is  not  known 
whAher  Pasieuria,  the  nematode  host,  or  a comlxnation,  confers  the  epitopefs)  assodaled 
with  P.  peneirans  spore  envelope  that  mediates  recognition  of  and  anachmenl  to  the 
Meioidogyne  host.  Tbe  presence  of  distinct  host  prefcrencefs)  and  speciricjty  for 
Pasieuria  biotypes  is  suggestive  of  a host-confeired  epitope,  or  at  the  least  a dynamic 

erminant  may  aid  m evaluation  of  the  biochemical  basis  for  variation  in 


husl  specificily  between  vaiioiis  biotypes,  which  is  of  paramount  imponance  in 
developing  funher  the  bioconirol  cap^lilies  of  this  oiganism.  There  are  poiotiial 
implications  for  efforts  in  in-vitto  propagation  of  P.  ptnetnms.  where  more  must  be 

From  an  applied  slandpoim,  the  conuibutioD  of  ao  accurate  and  efficient 
immunoassay  to  quantify  field  spore  populations  and  PCR  methods  to  confirm  infection 
will  greatly  enhance  field  research,  including  population  dynamics  studies  and  evaluation 
of  PasKurla'i  biocontiol  capabilities.  Research  sssociated  with  recognizing,  analyzing 
and  developing  'suppressive  soils"  with  Pasieurla  will  be  especially  served  by  this 
technology. 

ElucidniioD  of  the  chemical  delcrminanl  holds  other  ptomisiog  implieslions,  nol 
the  least  of  which  is  the  potential  to  formulate  targel  specific  “small  molecules". 
Elucidation  of  the  recognition  and  attachment  chemistry  could  faciUlam  future 
development  of  oeaiatisialic  agents,  which  might  Function  singularly  as  encumbeiing 
agents  to  prevent  toot  penetration  or.  as  auochcd  to  co«ffeciois,  might  be  used  to  target 
biocidal  agents  directly  to  the  nematode  pest.  This  approach  to  pest  contml  would  be  a 
vast  improvenienl  over  the  use  of  broad  range  bio/nemalocides.  Moreover,  these  "agents" 
could  potentially  occupy  the  space  of  bulking  agents  used  in  granular  lenilizer  mines  and 
be  applied  economically  during  crop  fettilizallon  or  lime  appMcalioo.  Along  with 
enhanced  solubility  cofaclon  and  other  such  accoutennents  to  improve  activity  and 
dispersion  through  soil,  immediate  and  non-labor  intensive  control  might  be  obtained.  In 


ledinology  based  on  the  biuchcnustr>  of  P.  penf Irons  ofTers  a promisuig  ollermuivc. 


CHAPTERS 

DEVELOPMENT  OF  A SOIL  ANTIGEN  EXTRACTION  PROCEDURE  AND 
ENZYME-LINKED  IMMLFNOSORBANT  ASSAY  <EUSA)  TO  DETECT  AND 
QUANTIFY  PAS^EURM  PENETRANS 


As  on  obligole  pomsile  of  nemsiodos.  in  vitro  cuItiVBtioii  and  enumeration  of  soil 
spore  levels  by  traditional  bacteriological  melbods  is  not  amenable  to  the  study  of  P. 
pervlrans.  Traditionally,  soil  levels  of  Pasicuria  spp.  arc  ascertained  using  a laborious, 
time  consuming  bioassay  procedure.  Cultivated  2"*  stage  Meloidogyne  spp.  juveniles  (JZ) 
arc  incubated  iji  a sample  soil  and  isolated  by  sucrose  density  centrifugation.  The  mean 
number  of  spores  attached  to  their  cuticle  is  determitred  by  light  miertrscopy  and 
compared  to  a stairiiBrd  (Chen  et  al.,  1996a).  Many  of  the  emer^ng  technologies  for 
detection  of  bacterial  spores  in  the  environment  have  limited  potential  for  detecting 
Posteurla.  because  it  is  not  known  what  factors  stimulate  this  organism  to  germinate  or  to 
spofulale.  Real-time  biosensing  and  nano-detection  of  bacterial  spores  rely  on  the  use  of 

enayme  substrates  specific  for  certain  enrymes  used  in  traditianal  Iracterial  classEcation 
(Rotmon.  2001k  DNA-probing  with  microarray  systems  and  PCR-based  detection  are 
widely  utilized  for  the  detection  of  microorganisms  in  the  environment,  but  suffer 
limitations  for  detection  of  ^jote  DNA  (Fould  el  al..  2001;  Johnson  and  Tippet.  1981; 
Vnid  and  Bishop.  1998).  A polyclonal  IgY  antibody  raised  against  Paveurh  pemtrara 


P20  in  chickens  and  i 


I by  PEG  I 


pilopes  (Chen  el  a]..  1997).  This  IgY  was  Dirtier  evaluated 


shown  to  cims-inacl  with  Bacillus  IhwingieraLs  s^.  kursiakl  spore  coal  peplides. 
lUcently.  imnmnofluuresceiil  and  ELISA  delection  using  a polyclonal  annlscidy  against 
P.  peaamns  niscd  in  rabbits  has  been  used  to  detect  whole  spores  in  soil  following  spore 
recovery  by  difTeremial  sieving  (Fould  ct  al.,  2001).  An  efTective  and  efficient  means  to 
deletl  and  quantify  Pasieurla  spores  is  a key  component  for  future  evaluation  of  this 
agent  in  bioconirol  of  plant  parasitic  nematodes. 

antigen  release  and  quantification  of  Pasteuria  shorts  in  environmental  matrices.  A 
monoclonal  antibody,  (MAb)2A41DI0.  produced  against  P.  puneirans  (P20)  spores  has 
been  shown  to  bind  a putative  glycan  epitope  shared  by  peplides  of  varying  mass 
(antigenic  ladder)  present  as  a component  of  the  spem  envelope  (ChamcckJ  ei  al.,  199fi). 
A procedure  is  piesemed  for  extraction  of  spore  envelope  antigen  directly  Dom  soil  or 
plant  tissue  under  denaturing  and  reducing  conditions.  Subsequent  application  of  an 
enzyme-linked  immunosorbant  assay  (ELISA)  of  soluble  extract  using  MAb2A4ID10  is 
used  to  deiennine  P.  penetrans  spore  concentrations  in  environmental  matrices. 
Unsuccessful  attempts  to  extract  spores  Dorn  soil  using  icrummo-coated  magnetic  beads  is 
discussed.  Specificity  of  MAb  2A4ID10  for  Pasteuria  spp.  antigen  was  evaluated 
through  exposure  to  a number  of  both  ATCC  and  Cium-posilivc  soil  isolates  using  SDS- 
PAGE  Western  blot,  ELISA,  and  immunofiuorescent  microscopy.  Comparisons  of  tfe 
immunoassay  and  J2  bioassoy  wore  made  for  a series  of  test  soils  originating  &om  peanut 
plots.  The  research  suggests  that  P.  penetrans  harbors  a unique  and  specific  biochemical 


nuthx  Bnd  utilized  for  unmunologieal  detectiort,  limited  to  the  lai^  organism.  MAb 
ZA41D10  wu  subjected  to  proteolytic  digestion  with  trypsin,  which  lesultcd  in 

applications. 


Pasieuria  pewlranx  isoluc  P-20  (Ooiilendorp  el  a].,  1901)  originaled  from  M. 
arenaria  (Neal)  Chitwood  race  I,  Irom  Levy  County,  FI.,  waa  grown  on  lomaio 
(Lyi-openiam  tiCuUnttm  Mill.  cv.  Rutgers)  in  green  houses.  Pasieuria  peneiraiH  P20 
spores  were  attached  to  the  cuticles  of  I to  5 day-old  Meloldogyne  juveniles  (J2)  via 
centrifugation  at  4000  RPM  for  S min  (Chen  el  al..  1996o).  Infected  J2  were  traiuferred 
via  pipet  to  stcam-pasleuriacd  soil  in  pots  containing  Rutgers  tomato.  Inoculadons  of 
approsimaiely  10.000  Paaeuria  infected  J2  per  week  were  made  for  3 weeks.  Isolation 
of  spoies  followed  procedures  of  Chen  e(  al..  (1996a)  with  slight  modificslioiis.  Roots 
were  harvested  and  washed  free  of  debris  sixty  days  alter  the  last  inoculation  and  placed 
in  on  1800  ml  beaker  containing  109k  pectinase  (Pomoiiq;  Gist-Brocades),  50  mM 
NaOAc,  and  0.196  CaClr  al  a approximately  a 50:50  (v:v)  ratio.  The  roots  were  digested 
for  2 days  on  an  orbital  shaker  table  (100  RPM)  to  free  spore-filled  female  Mehi^gyne 
from  root  galls.  Females  were  collected  by  decanting  onto  a 600  pm  pore  sieve  nested  on 
a ISO  pm  pore  sieve  under  haid  wnlci  spmy.  Spote-lilied  females,  identified  by  a 

a dissecting  microscope.  They  were  washed  with  dHrO.  ruptured  using  a smooth  mortar 
and  pestle,  and  taken  through  a woven  polyester  21  pm  filter  mesh  (SpectmAfesh)  in  a 
13  mm  Swinnex  disc  holder  (Millipore)  to  remove  nematode  cuticle  and  any  root  debris. 
Recovered  spoies  were  washed  in  dHjO  at  10.000  x g for  5 min,  repeated  2 times,  snd 
stored  at  4 ^ in  0.0256  NaNs  or  frozen.  Spores  were  enumerated  on  a hcmocylomctcr 
(Fisher)  under  a 40X  DIC  otgectivc. 


coiiceotration  of  6.0  M urea.  O.OOS  M CHES  pH  10.  and  16  ciM  dilhiothreilol  (DTT)  to 
generate  pure  culture  ntrncu  (UDC  exlracia)  with  a spore  equivalency  of  roughly  SxlO’ 
^(ores/pl  (Pandy  and  Aronson.  1979;  PetsitUs  et  al..  1991).  Soil  exlrsciions  were 
perionneti  similarly.  Soil  to  be  extracted  was  air-dried  and  vreighed  (I.O  g dry  vrelght) 
into  1.5  ml  microfuge  lubes  and  100  pi  of  dHiO  (Incltiding  spores  when  preparing 
standards)  was  added  and  vortexed.  To  this  was  added  300  pi  of  1.33x  slock  UDC  (DTT 
added  just  prior  to  extraction)  followed  by  vonexing.  Tubes  were  Incubated  for  2 hours 
at  37  ^ or  30  min  at  SO  in  a hot  water  both  with  intermittent  vortexiag  end  sonic 
water  bath  exposure.  Tubes  were  then  centrifuged  10,000  x g for  1 min  and  the  supernale 
(UDC  extract)  removed  by  pipet.  For  soils,  the  supemate  was  again  centrUuged  at 
10,000  X g for  S min  to  remove  fines  and  the  supemate  transferred  to  a clean  microfuge 
tube  and  stored  at  4 "C  or  -20  ”C.  Protem  eoneuniialions  were  determined  by  Coomassie 
blue  binding  assay  (Bio-Rad  Laboratories)  uiiliiing  the  method  of  Bradfoid  (Biadfoid. 
1976). 


MAb  2A41DI0  Sephacryl  S-300  purified  ascites  or  ami-mouse  IgM  p-chaio 

attempt  (0  sequester  spores  liomsoiL  Beads  (4x10*)  were  placed  ina  I.S  oucroftige  cube 
and  wushed  in  1.0  ml  of  100  mM  sodium  phosphate  buflerpH  7.7  and  re-suspended  Id 


e.  To  Hit 


iMAbc 


' 300  Mg  for  2° 


920  Ml  of  sane 


conlainlng200Mgorpniein< 


Ab.  The 


I ortnlal  shaker.  The  supernaie ' 


removed  by  pipcl  and  die  beads  were  suspended  in  l.O  ml  of  PBS  (10  mM  pbosphale 
buffer,  pH  7.4.  150  mM  NaCl)  coniaining  1%  BSA.  This  procedure  was  repealed  five 
times  with  fresh  bufTer  and  dien  the  solulion  was  incubated  ovemighl  at  4 °C  (xi  an 
orbital  shaker.  MAb  binding  efficiency  was  cheeked  by  comparison  of  the  MAb  stock 


(Bradford,  1976).  These  resulls  indicated  a 22%  binding  efficieocy  or  1.13  i^lO’  beads 
for  the  MAb,  and  22.6%  for  anti'l^  or3J5  t^lO^  beads  (recommended  concenlralion 
is  5 MgflO^  beads).  The  MAb-coalcd  beads  were  evaluated  by  ijuubation  in  fluorescein 
caojugaled  anti-mouse  IgM  g-ohain  specific  Ko  and  visualized  with  a Nikon 
epifluoresceni  microscope  lined  with  a Episcopic  fluorescence  atlachmeoi  dial  boused  a 
495  fim  excitation  filter  to  confirm  binding  of  the  MAb.  A TRlTC-conjugaled  and* 

Spore  binding  assays  were  conducted  by  Incubating  varying  ratios  of  spores  lo 
besds  in  1 .5  ml  microfuge  tubes  on  an  orbital  ^laker. 

Three  soils  (POL.  POD.  SHR)  were  utilized  in  preparing  standards  for  soil  spore 
extraction.  POL  Is  a highly  icached  quartz  fine  sand  obtained  From  a Fforjda  flarwoods 
site.  POD  was  obtained  from  die  same  focedon  but  was  locnied  in  a storm  water 
depression  and  contained  visibly  more  organic  matter  than  POL.  SHR  is  a calcareous 
loam  Irom  a posture  location  (Table  I).  Soils  evaluated  for  PasKurui  spores  were 


' blue  pmlein  binding  assay  of  Bradford 


North  Ccolial  Florida  and  were  obtained  from  the  Univei^  of  Ronda  DeportiDcnt  of 
Entomology  and  Nentalolngy.  Gainesville.  Florida. 

Table  1;  Chemical  and  elemenlal  profile  of  the  soils  used  to  lest  ^re'antigen  extraction 
and  prepare  standard  curves  for  soil  spore  quantitation. 


EtemanB  ((nolKg) 

Oipanic  matter  (OM)  (weigtit  S) 


The  cultures  producing  anti-Favrearia  MAh  were  prepared  by  the  Hybridoma 
Core  FacUity.  University  of  Florida  (ICBR).  Gainesville.  FL  by  immunization  of  BALB/c 
mice  with  IxIO*  Pasliuria  peaelraas  P20  spores.  SelecHon  of  mass  culture  2A41DI0 
was  based  upon  distinct  recognition  ofspote  associated  antigens  from  several  different  f. 
pencrnrrt!  biotypes  (Charnecki.  1M7).  Furification  of  mouse  ascites  2A4ID10  HL  1325 
98*197.5  was  achieved  by  ge!  filtration  on  a I m Sephacryl  S*300  (Pharmacia)  column 
eluied  with  0 J M NaCl  and  0.02  M NaP04  pH  7.0  run  at  room  temperaiure  at  a flow  rate 
of  0.6  ml/min.  and  collected  in  6 ml  Irnctions  with  a Gilson  rrticrofroctionalor.  Practions 
exhibiting  activity  against  UDC  extracts  of  ^res  were  concentrated  using  Centiiprep-iO 
microconcentrators  (Amicon)  and  stored  in  0.0254  NaNj  at  4 'C. 


Polyctonnl  nntibodie 


1. 19*5). 


(P20)  in  phosptialc  buflercd  siJine.  Antibodies  were  extracted  fnnn  egg  y< 
polyethylene  glycol  (PEG)  extraction  method  (Chen  el  aJ..  1997;  Poison  eta 

Idenliflcation  ofspore-rorniing  hacleria 

soil  in  sterile  dHsO  at  gO  Ni!  for  10  min  and  spreading  on  TSA  plales.  Single  colonies 
where  selected  and  repeatedly  transferred  to  establish  pare  cultures.  Cultures  were 
spontlated  in  I2S  ml  nasks  containing  nutrient  broth  (Difeo)  on  an  orbital  shaker  at  100 
RPM.  Gram  reaetioos  were  recorded  on  vegetative  cells  and  sporulatlon  was  confirmed 
by  endospore  staining  whh  malachite  green,  counter  staining  with  saftanio  and  visualized 
by  phase  contrast  microscopy.  Isolates  where  idetnified  by  fatly  acid  methyl  ester 
analysis  (FAME)  using  a Hewlen-Pockiud  gas  chromatograph  and  the  resulting  profiles 
were  sutislically  compared  with  profUes  included  in  the  Microbial  Identification  System 
(MIS)  (Hewlett  Packard)  and  MIDI  Librery.  TSBA  version  3.80  (Saaser,  :990a;  Sasser. 
1990b).  This  wot*  was  perfbimed  by  E.  Dickstein.  Department  of  Plant  Pathology. 
University  of  Rorida.  Gainesville  FL. 

Enzyme-linked  immunMorbuil  assay  (ELISA) 

Spore  LRX  extracts  were  diluted  to  a range  of  between  JO -0.005  tight]  praiein 
and  used  in  an  indirect  standard  assay,  aa  amplification  assay  using  biolinyltiled  MAb 
2A41DI0,  and  a (eniaiy  ELISA.  To  1 pi  UDC  extraci  wws  added  99  pi  of  coaling  buffer; 
(CB:  I J9  g NoK«3 . 2.81  g NaHCOj,  OJ  g NaN,  to  1000  ml  dH:0X  and  added  to  a 


nicroiller  plates  (Dynalcchl.  Antigen 


temperature  or  overnight  si  4 blocked  with  PBS  coniaijting  3W  bovine  serum  elbumin 
(PBS-BSA)  foe  30  ntio.  washed  3 X with  125  pi  of  PBS  (0.01%  Tween  20)  pH  7.3  after 
Incubation  with  each  reagent.  In  the  standard  indliect  ELISA  assay  plnirrs  were  treated 
sequentially  for  I hr  with  purincd  oni-Pasinrla  MAb  2A4ID10  or  mass  culture  anli- 
Pasienria  MAb  2A4ID10  supemalant,  and  anti-mouse  IgM  (p-diain  specific)  alkaline 
phosfdialasc-conjugaled  secondary  Ab.  For  the  amplification  ELISA,  the  plates  were 
treated  sequenUally  for  I hr  with  biotinylated  MAb  2A4IDI0  (1:1000  PBST  0.1%)  and 
NeulrAvidin™  - horseradish  peroxidase  (HRP)  conjugated  or  alkaline  phosphatase 
conjugated  (Pierce).  The  leitiaty  ELISA  %«as  performed  similarly  to  the  standard  indirect 
ELISA  with  the  addition  ofa  biotinylated  nnti-mou.se  IgM  p-chain  specific  secondary  Ab 
(1:500)  followed  by  a tertiary  Ab  consisting  of  NeulrAvidio™  - horse  radish  peroxidase 
(HRP)  conjugated  or  alkaline  phosphatnse  conjugated  (Pierce).  Bound  conjugate  was 
observed  by  addition  of  enzyme  substrate  3.3’.5,5’  letrameUiylbcnzidine,  Turbo  TMB- 
ELISA™  (Pierce)  and  reactions  were  stopped  with  1 00  pi  1 .5  M HrSOt  and  read  at  450 
run  on  a EIA  toicro-plare  reader  (BioRad).  Alkaline  phosphatase  conjugated  antibodies 
were  detected  by  addrtic>n  of  APS  bullet  comaining  0.5  inM  MgClj  and  1.0  mghni  p- 
nitrophenyl  phosphate  and  read  on  a EIA  micro-plate  reader  at  405  nm. 

SDS-PAGE  and  Westem  blotting 

UDC  extracts  were  analyzed  by  sodium  dodecyl  sul&le-potyacrylamide  gel 
electrophoresis  (SDS-PAGE).  Samples  were  prepared  in  IrealmenI  buffer  (50  mM  Tris- 
HCi  pH  6.8,  2.0%  SDS,  1 0 % glycerol,  and  2%  B-mercnpIocUinnol).  A 6%  slacking  gel 


slab  gel  was  prepared  by  the  method  of  Laemmli 


(Laemmli,  1970).  Cels 


nitrocellulose  membranes  in  blotting  buiTer 


(192  niM  glycine.  2i  mM  Tris-Bosc.  20K  melhsnoIX  using  a Mini  Trans  Blot  Cel! 
(BloRad)  atsa  V conslani  voltage  for  1 J hfs.  Membranes  were  blocked  with  5%  non-fct 


dried  skim  milk  (Carnation)  and  0.29c  Tween  20  (v/v)  m PBS  (10  mM  phosphate  buBer, 
given  three  S min  washes  in  PBST  (10  mM  phosphate  buffer.  pH  7.4,  ISO  mM  HaCl 
supemaleni  diluted  1:50  or  Sephaciyl-300  puriried  acsites  diluted  1:100,000,  for  Ihr 


phosphatase  conjugated  (Sigma)  diluted  I :S0O  for  I hr.  The  blots  were  given  three  S^mio 
washes  in  PBST  followed  by  three  5-min  washes  in  substrate  buffer  (JOO  mM  Tiis,  pH 
9.5,  100  mM  NaCl,  5 mM  MgCI;).  Alkaline  pbos|^la.se  substrate  5 bromo-4.chloro-3- 
indol-|^|9iate  (BCIP)  and  nitro-blue  tetraaolium  (NBT)  (Promega)  were  added  to  the 
substrate  buffer  to  a coneenuation  of  0.1655k  and  0.335k  (v/v)  respectively,  for  detection 
orbound  MAb.  Presiained  SDS-PAGE  nroleculor  weight  markers  (BioRod)  were  run  on 
all  gels. 


Clnmlor  cover  slips  (12  mm,  41  thickness),  were  wsshed  in  705k  ethanol  and 
(cabonic  dyeX  IS  in  water,  and  healed  to  aJmost  boiling  for  10  min.  The  dye  was  poured 


Spore  suspensio 


I % to  adhere 


dry.  Slides 


slburain  (BSA).  Tlie  slides  were  neaiixi  with  primary  amibody  diluted  in  PBS  (3%  BSA> 
for  1 hr,  aitd  rinsed  3 times  as  above.  The  secondary  antibody  with  a F1TC  or  TRITC- 
generaled  fluoreacem  conjugate  was  applied  for  I hr,  washed  6 times  and  the  slips 
mounted  on  ethanol  washed  staitdard  microscope  slides  using  Fluoromouni  -G™ 
(Southern  Biotechnology  Associates.  Inc.).  Preparations  were  stored  in  the  dark  and 
visunlized  with  a Nikon  epifluorescent  microscope  fined  with  a Episcopic  fluorescence 
atlachmenl  that  boused  a 495  nm  exciiaiion  Hllcr  under  40X  nuorescem.  or  lOOX  DIG 
otqeclives  with  oil. 


Spore  preparations  containing  5x10^  spores  were  centrifuged  10,000  x g fori  min 

coniaining  2.0  mg/ml  fluorescein  isothiocynate  (FTFC)  (Sigma)  (Carraway  UI  el  al., 
1989;  Chamecki.  1997).  Spores  were  incubaied  2 hours  al  room  lempcraiure  in  the  dark, 
centrifuged  10.000  x g for  5 min  and  reconsliluted  in  dHsO.  The  process  was  repeated 
until  the  supemataol  became  clear. 


Protaolylic  digestian  oflgM 

Sephaayl  S-300  purified  MAb  2A4IDI0  was  dialysed  (Mini  Slide-A-Lyzer 
;MWC  10  kDa)  (Pierce)  inlo  trypsin  buffer  (O.OS  M Tris-HCI  pH  8.0.  ISO  mM  NaCl,  20 
mM  CaCIi).  Trypsin  (Sigma  sequencing  grade)  was  added  to  a final  concentraiioo  of 


1:1000  (wi/wl) 


DHhjolhreilol  wu  added  to  a final  concentralion  of  2 mM  for  5 min  followed  by  the 
addition  of  soybean  uypsin  inhihilor  (Type  II-S)  (Sigma)  lo  0.1  mg/ml.  After  5 min  a]  37 
°C,  iodoocciamide  (Sigma)  to  60  mM  was  added  and  the  samples  were  inctibaled  for  10 
min  at  room  lerapcraiute.  Samples  were  then  dialyzed  back  inlo  O.S  M NaCI  and  0.02  M 
sodium  pbosphale.  pH  7.0  and  stored  at  4°C.  Tryptic  digests  were  analyzed  by  sodium 
dodecyl  sulfale-polyacryiamidegel  electrophoieais  (SDS>PAGE)  using  4-18%  Tris*HCI 
gradient  gels  (Giollad)  by  the  method  of  LBemmli  (Laemmli,  I970X  Samples  were 
prepared  in  rton'redticing  treatment  bufter  (SO  mM  Tris-HCI  pH  6.8. 2.0%  SDS.  and  10% 
glycerol). 


A resgenl  consisting  of  &0  M urea.  10  mM  CHES  bufio  pH  10,  and  0 DiM 
dilhioihreilol  (UDC),  was  evaluated  for  application  to  release  surface  antigen  fiom  spores 
derived  directly  from  nematode  cadavers  and  dispersed  in  soil.  Certain  conditions  were 
tested  to  dcicraiine  requirements  and  optimum  conditions  for  extraction  based  on  ELISA. 
Tests  varying  extraction  temperature  indicated  that  elevating  temperature  to  37  ^ or 
greater  (SO  °C)  wa.s  needed  to  effectively  extract  spore  envelope-associated  antigens  for 
the  incubation  limes  tested  (Figure  d).  Varying  extraction  temperature  and  lime  between 
37  and  50  "C  and  0.5  to  2 hr.  respectively,  resulted  in  no  significant  change  in  extracdon 
efficiency,  thus  providing  a flexible  window  with  which  to  liberate  antigen.  The  results  of 
a factorial  type  combinaiorial  evaluation  of  extraction  soluUon  components  indicated  that 
denaturaiion  with  6.0  M urea  was  the  primary  effector  of  antigen  lelease,  followed  by 
alkalirte  pH  condiiioits  provided  by  10  mM  CHES  buffer  pH  10  (Figure  5).  Interestingly, 
dithiothreilol  (DTT),  a reducing  agent  that  destabilizes  lertiary  protein  structure  by 
saturating  cysleirte  di-sulfide  bonds,  had  a minor  influence  on  relearing  spore  anUgen 
(Figure  5).  This  was  addiiionslly  evidenced  in  trials  where  increasing  DTT  concemraiiDn 
failed  to  improve  extraction  efficiency  (Figure  6).  This  may  explain  wfay  differirtg  redox 
and  cation-exchange  capacities  of  various  lest  soils  did  not  influence  antigen  extraction 

Concerns  regarding  the  potential  impacts  o 
properties  of  soils  on  spore  andgen  extracdon  efficiency 


of  the  varying  physio-chemic 


Sojfspora  anttger 


Tafffctencyaa  a funcfion  of  teniperature 


UDC  BXlTBction  conditkxi 


Figure  4;  ELISA  ofl  |il  of  POL  soil  UDC  exiraci  containing  4x10°  spom'g  to  delnmiiie 
the  efTai  of  extraction  conditions  on  the  A'°’  tun  signal  os  delected  hy  ani-Pasleuria 
MAb  2A4ID10IDBSS  culture  xupemutont  diluted  1:10  in  PB5T  (10  niM  phosphate  bufler, 
pH  7.4.  ISO  mM  NbCI,  and  O.OSH  Tween  20)  and  anti-mouse  igM  p-chaio  specific 
secondary  Ab  alkaline  phosphatase  conjugated.  Data  shown  is  an  average  of  six 


ELISA  factorial  evaluation  of  apore  coat  antigen  extraction  rsagentt  to 


UOC  UC  DC  C UD  U D H20 
Componenta  of  extraction  reagent 
(U=  Urea  6.0  M;  D=  DTT  18  nM;  C=  CHESS  mM  pH  10) 


Figure  S:  ELISA  raclorial  evalualion  oF  extracilon  reagents  Individually  and  in 
combinadon  to  determine  the  necessary  chemistry  required  to  liberate  qrore  andgea  POL 
soil  (I  g)  inoculated  with  4x1  Oospores  tvas  excraned  in  400  pi  and  1 pi  of  extract  was 
added  per  well.  Antigen  was  detected  by  m6-PasKuria  MAb  1A4IDI0  Sephacryl  S-300 
puiified  ascites  at  a 1:100.000  diluUon  in  PBST  (10  mM  phosphate  buffer.  pH  7.4,  150 
mM  NaCL  arxl  0-05%  Tween  20)  and  and-mouse  IgM  p-chain  specific  secoodary  Ab 
allialinc  phmqihaiasc  conjugated.  Data  represent  the  triplicate  uvciugc. 


EneetofDI 


I concentratiofl  hi  the  UDC  extraction  reagent  on  A 
40SnmEUSAslgnal 


O.BOO 


Dilfiioirireita  (D1T)  (mM) 


Higuic  6:  Ddeimioelion  of  the  impact  of  dilhioihreilol  (DTT)  oo  the  EUSA  A*’  lun 
signal.  I (ilofPOL  soil  inoculated  wiUi  4x10*  spore&'g  in  400  pi  ofexuecl  was  added  per 
vrell.  Aoligen  was  deleCTed  by  ami-Aurenr/o  MAb  2A41D10  Sephacryl  S-300  purified 
Bicile8aial:l00.00diluiioninPBST(l0mM  phosphate  buffet.  pH  7.4,  ISOmMNaCl, 
and  0.Q5H  Tween  20)  ond  onti*mouse  IgM  p-chain  specific  secondary  Ab  alkaline 
phosphatase  conjugated.  Data  represent  the  triplicate  average. 


soils,  rereired  lo  as  POL.  POD.  and  SHR.  As  is  shown  in  Figure  7.  no  signilicani 
vahalion  in  ELISA  A 450  nm  signal  was  evidenced  for  standards  prepared  in  all  three 
soils  when  evaluated  collectively  by  Box  plot  analysis  (Si^na  Plot  statistical  analysis 
software).  The  collective  theoretical  line  Gl  produced  an  r^  of  0.8S4  over  the  range  of 


MAb  ZA4I  DIO  sesiilivlty  and  specincity 

Detection  of  a relatively  high  absorbaiKC  signal  lor  negative  control  soil  indicated 
that  as  much  as  50%  of  background  absorbance  is  due  to  2^  Ab  bindiog  in  the  absence  of 
1^  for  both  POL  and  POD  control  soils.  This  indicated  that  some  type  and  level  of 
blocking  agent  must  be  employed  in  the  ELISA  procedure  io  order  lo  mitigate  non* 
antigen  specific  binding.  It  was  presumed  that  some  indigenous  lectin  present  in  the  smi 
extract  is  binding  to  the  FC  (glycosylated)  region  of  the  7*  Ab.  which  was  causing  the 

skim  milk  and  bovine  scrum  olbumb  (BSA).  showed  that  blocking  with  l%or3%BSA 

overall  senKtivity  (Figure  8). 

limit  of  2 30.<W0  sporeatg  (0.0S6  ng/ul  protein)  with  reproducible  values  of>  0.90 
(Figure  9).  Efforts  were  made  to  amplify  the  signal  by  biotinylating  the  MAb  to  lower 


Figure  7:  Box  plol  analysis  of  the  sundord  indirect  ELISA  for  Pasieiria  penttnms  P20 
LFDC  antigen  extracted  hoin  inoculated  POL.  POD.  and  SHR  soils. 


Eftact  ol  various  blocking  agents  on  the  EU5A  AMS  nm  signal  and 
mitigation  of  non-specific  binding  for  POL  soli  spore  antigen  UDC 


Figuft  8:  Evaluaiion  of  various  types  and  concemrailons  of  blacking  i 
of  non-specific  binding  and  ELISA  signal  snengih  with  respect  to  ar 


the  limhordcMction.  The  MAb  wn  biiMiiiylaied  using  molar  rsUas  gf  I ;32  and  1:64  of 
MAb  Ui  biotin  and  delccred  with  NeutrAvidbi''^  - HRP  conjugated  and  read  at  A 4S0  nni. 
The  MAb  bioUnylaied  at  1:54  ratio  produced  a higher  absoibance  than  the  1:34  for  a 

indirect  assay  was  observed  (Figure  10).  The  tertiary  ELISA  |novided  the  best 
quaiuilative  data  and  the  lowest  detection  limit.  Incubation  with  MAb  2A4IDI0, 
followed  by  incubation  with  biotinylated  anti-mouse  IgM  (p<hain  specilic)  and  delected 
with  NeulrAvidin'”  - HRP  reduced  the  detection  limit  over  the  standard  assay  at  least 
10-fbld  to  >3,000  spores/g  with  respectable  and  reproducible  line  iits  (Figure  II).  The 
miniimuii  detection  limit  for  the  ELISA  was  determined  by  the  lowest  concentration 
within  the  linear  portion  of  the  line  flt.  Theoretically,  the  detection  limit  could  be 
interpreted  to  approach  as  little  as  30  spores/g;  however,  low  absorbance  values  relative 
to  sample  standard  deviations  may  limit  accumie  determination  of  spore  concentration  at 
concentrations  less  than  300  spores/g. 

The  MAb  was  challenged  with  UDC  spore  extracts  of  Gram-positive  spore- 
forming  organisms  isolated  and  cuiruied  fmm  rest  soils  artd  American  Type  Culture 
Collection  (ATTC)  strains.  Soil  isolates  were  identified  u»ng  fatty-acid  methyl  ester 
derivalizatlon  (FAME).  Figure  12  provides  the  ELISA  results  of  this  challenge.  MAb 
2A4IDI0  demonstrated  no  cross-reactivity  with  any  of  the  iaolates  tested. 

Reproducibility  and  precision  of  Ibe  auay 

A seriea  of  unknown  indepcndeoi  samples  of  dried  ground  peanut  hull  and  peanut 
res  were  weighed 


: biolype  PI  DO  and  P2S  spon 


standard  indirect  EUSA  limit  of  detection  for  MAb  2A41010 


Figure  9;  Limit  of  detection  evaluation  for  the  standard  ELISA  for  Pasiettria  penetrant 
P20  pure  culture  UDC  exuacL  BSA  Cbovine  senun  albumin)  in  PBS  (10  mM  sodium 
pho^rhalc  buffer.  pH  7.4.  ISO  mM  NaCI)  was  applied  as  a blocbet  for  O.S  hr  prior  to 
immuno-delection.  ArTtUPasreurfo  MAb  3A4IDI0  Sephacryl  S-SOO  purified  aacites 
served  as  the  primary  Ab  and  anti-mouse  IgM  p-chain  specific  secondary  Ab  with 
oikaline  phosphatase  conjugate  wa.s  uiiliaed  for  detection.  Conversion  factors:  300 
sporeafg  of  soil  b equivalent  to  0.056  ng'ul  piolein  in  the  UDC  extract.  Data  represents 


Figure  l(h  Limit  of  detection  evaluation  for  the  aniplificallon  ELISA  for  Pastevia 
peneirans  P20  pure  nillute  UDC  exDticL  3%  BSA  (bovine  serum  albumin)  in  PBS  (10 
mM  sodium  phosphate  bulTer.  pH  7,4,  1 SO  mM  NaCi)  was  ap]Slied  as  a blocker  for  O.Shr 
prior  to  immuno-deieclioii.  Biotinylated  anli-Porme-ln  MAb  2A4ID10  Sephactyl  S-300 
purified  ascites  served  as  the  primary  Ab  and  NeutrAvidio'^  horseradish  peroxidase 
conjugated  secondaiy  Ab  was  uliliaed  for  detection.  Conversion  fackirs:  300  spoies/g  of 
soil  is  equivalem  lo  0.056  ng/ul  protein  in  the  UDC  exOscL  Data  represents  analysis  is 


-kUb  2A410KI 


PreUin  P20  UDC  axusct 


Figure  1 1 ; LimH  of  detuclion  evuluatiofi  for  reitiuiy  ELtSA  for  Paslearm  penetrans  P20 
pure  cullure  UDC  extraoL  J%  BSA  (bovine  senim  albumin)  in  PBS  (10  mM  sCKiium 
phospbaZe  buffer.  pH  7,4,  ISO  mM  NaCI)  was  applied  as  a blocker  for  O.S  hr  prior  lo 
immuKHleiecljoiL  Ami-Paaeurla  MAb  2A4ID10  Sephacryl  S-300  purified  ascites 
served  os  the  primary  Ab,  anli'mouse  biotinylated  IgM  p<hajn  speciOc  secondary  Ab 
and  NeutrAvidin'”  horseradish  perexidase  conjugated  tertiary  Ab  was  utilized  for 
detection.  Conversion  factors;  300  sporeVg  of  soil  is  equivalent  to  0.056  ng/ul  protein  in 
the  UDC  extract.  Data  represents  an^ysia  in  triplicate. 


I !I 


10  200  mg  and  extracted  uaing  a slightly  modified  soli  UDC  exDsction  protocol  to 
account  tor  absorption  and  rchydraiion  of  the  material.  Ihese  extracts  were  then 
subjecifxi  to  repeated  tertiary  ELISA  evaluations  to  test  the  precision  of  assay  for 
accessing  spore  quantity  based  on  a standard  curve  using  successive  extracdons  of  POL 
inoculated  soil.  The  results  of  this  evaluation  are  found  In  Table  2.  Through  these  tests  it 
was  determioed  that  tbe  optismni  range  in  antigen  protein  concentration  for  the  lerliary 
ELISA  is  between  0.005  and  O.S  ngful.  Two  types  of  curves  fit  tbe  line:  Ug  for  the  100 
X range  and  linear  frrrtbc  10  X range.  Sample  startdard  deviation  for  replicate  samples  is 
routinely  small  and  even  across  the  range.  Findings  indicate  that  the  assay  is  reproducible 
and  reliable  when  assessed  through  a carefully  cunstrueicd  arrd  properly  utiJiaed  standard 


Tidrie  2;  Comparison  of  spore  quantification  dau  using  4 sample  UDC  extracts  (EP#1. 
EPfi3.  EPff4.  and  PN)  consisting  of  dried  peanut  bull  aitd  root  oiarcrinl  showing  the 
precision  of  ibc  a^y.  Each  ruri  represents  data  generated  using  freshly  prepared 


SDS-PAGE  and  Weslem  Blot  anaiysu 


UDC  extracts  of  cropland  test  soil  and  inoculated  control  soil  were  compared  to 
Western  Blot  anajyris.  The 


5-PAGE 


pnmice  of^.  penrirans  P20  signutuie  peptides  in  soil  UDC  extracts  ace  shown  in  Figure 
!3.  Peptides  with  molecular  masses  (M,|  of  104.  85.  70,  30.  35  kDa  and  a pcedotninam 
one  at  M,  45  kDa  arc  present  in  the  POL  soil  inoculum  extract  The  field  soU  UDC 
extract  containing  native  spores  as  deiermined  by  both  bioaasay  nod  immunoassay 
exhibits  three  predominant  bands  at  M/  85. 70  and  45  ItDa. 

Immunoassay  and  bioaasay  quantification  of  POL  soil  and  soil  extracts  contaimog 
varying  known  numbers  of  P20  spores  correlated  with  an  ^ approaching  1 .0.  Dam 
comparing  the  two  methods  on  Reid  soil  samples  obtained  from  peanut  microplot  studies 
are  shown  in  Figure  14. 


Irnmunofluorescenl  microscopy  images  using  Ruoiescein-conjugaled  anti-mouse 
IgM  (p-chain  speciRc)  antibody  show  that  MAb  2A4IDI0  binds  to  spore  coat 
polypeptides  present  os  both  loosely  and  tightly  bound  piotein  on  the  surface  of  the 
endospote  (Figure  15a).  UDC  extracted  endospote  pellets  retain  antigen  that  is  seen  as  a 
faint  halo  sufTounding  the  spore  (Figure  15c).  Mounted  ^lulaled  cultures  of  A siMllls 


and  R.  Ihurlnffg 


I MAb  2A4IDI0(dala  not  shownX 
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Figure  13;  SDS-PAGE  Weslern  bloi  of  P.  ptiKimns  P20  spore  UDC  oorocts  and  soil 
P20  spore  uoligcn  extracts.  The  imiminoblols  were  incubated  with  aitH-Pasieuria 
2A41DI0  MAb  and  and-mousc  IgM  p-chain  ^recific  secondary  Ab  alkaline  phosphatase 

from  culture;  3.  UDC  extracted  POL  soil  containing  4 x 10^  P.peneiram  P20  sporesig;  7. 
UDC  extract  of  a cropland  soil  testing  positive  for  1 .2  x I IT  sporesig  of  P.  penetrans 
spores  by  ELISA;  4,  non-Pasteiin'o  POL  soil  (negative  control). 


Figure  14:  Soil  ^le  levels  deleimlned  by  bioassay  and  Iminunaassay  ELISA  for  peaout 
micToplol  sample  locations  at  the  Institule  of  Fcxxl  and  Agricultural  Sciences  (IFAS) 
Gteen  Acres  agricultural  statiotL  University  of  Florida,  Oainesville,  FL,  USA. 
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Figure  15:  Immunofluorescem  micrographs  of  PasJenria  penetrans  P20  spores  reading 
with  MAh  2A4IDlQand  visualized  wilh  nuoresceiir-conjugoied  anli-mouse  IgM  p-chaiu 
specific  secondarv  Ab.  A.  diffcrcmial  imcrfcrcnec  contrasi  (DlC)  lOOX  ot^eclive  with 
oil.  under  epiduoresccncc  wilh  o 495  nm  cxciiaiion  filter;  S.  sanie  as  in  A.  differcnlial 
inlerfercncc  eonlrasi  (DIC|  lOBX  objcclive  wilh  oil;  C-  differencial  interference  conlrast 
(DICl  lOOX  objective  with  oil.  under  epilluorcsccnce  wilh  a 495  run  exciiaiion  filter 
showing  immunofluorescence  of  Pasteuria  pentPans  P20  spores  following  UDC 
exiraclion  and  relenlion  of  epitope  bearing  I'DC  insoluble  immuno-reaciiv*  spore  cool 
proteins. 


uMng  imiDuno-eoaled  Dynal  M-450  beads  mcl  wiUi  very  limited  success.  Pludrescein- 
labeled  spores  thal  had  been  treated  to  repealed  sonic  waler  balh  and  washed  bound  to  Ihe 
beads  (Figure  16),  and  UDC  extracied  spores  were  also  showitio  bind  (Figure  17).  MAb 
binding  was  observed  to  nuoresccin-conjugsled  endospore  “slufTed"  material  contained 
in  the  supetiiatenis  prepared  following  treatment  in  a sonic  water  hath.  It  appears  that 
labile  antigen  may  compete  for  whole  spore  binding  to  the  beads.  No  spores  were 
recovered  from  soil  following  several  aiiempls,  using  the  indirect  method  (anti-IgM 
coaled  beads  and  pre-incubation  of  the  sample  bi  IgM).  or  the  direct  method  using  IgM 
coaled  beads.  Soil  sluiriea  aod  sc»l  slurry  supemales  separated  by  short  pulse 
cenlrifugation  were  both  evaluated. 

Polyclonal  IfV  verses  IgM 

IgM  2A41DI0  and  an  uili-Fasuuria  polyclonal  IgY  antibody  produced  in 
chicltens  against  PasKuria  P20  whole  ^tes  provide  indistinguishable  antigenic  ladders 
in  SDS-PAGE  immunobtols  of  UDC  eilracl.  However,  unlike  IgM.  Ihe  polyclonal  Ab 
recognizes  epitopes  on  other  Gram-positive  spore-formers  and  is  non-specific  for 
Pasieuria  sp..  The  polycloiuil  Ab  reacted  positively  with  several  test  soil  derived  isolates 

DKi‘PcLWurio  P20  IgY  against  UtXl  extracts  of  B.  ihurigiemis  ssp.  Yurslalu  and  P. 


Figure  16:  Flumrsceln-lebeled /rewirnru  P20  $pom  bound  lo  MAb  2A41DI0  roated 
M^50  DynnI  inngneiic  bends  ns  seen  by  dinerenlinl  inierfereiKe  comresl  (DIO  and 
cpiUuorcsccm  microscopy.  PqocI  I.  Complenrentory  DIC  and  cpinuoresccni  microgniph 
of  spore*hcuKj  complex  |400X  magnificoUon).  Panel  2.  DIC  of  spore-bend  complex  nr 
(400X  magniflcnlion). 


Figure  17:  UDC  nlracud  spore  pellcis  oF  P.  pmeirans  P20  spores  bound  lo  MAb 
2A41DI0  coaled  M-430  Djnal  niagnelic  beads  as  seen  by  dilTercmial  Inlerference 
comrasl  (DICI  (400X  magniflcalion). 


MWkDa 


anti  -P  penetrans  IgY  anti- 6.  (/iwftigienais  IgY 


Fi[^rc  1 8;  Antigenic  ladders  of  P.  pcwrrans  P20  and  Bacillus  Ihurinpiensis  ssp.  kurstoki 
spore  coot  tJDC  extracls.  Eleclrophoreiic  profiles  were  produced  on  12%  Tris-HCI 

membranes.  Pepiides  were  deiAiied  by  ami-P.  pcnetram  and  atili'P.  ihurinpiensis  IgY 
polyclonal  ami  bodies  produced  in  chickens. 


polypeptides  include  those  with  Mr  values  of  65.  90.  and  120  kDa  and  several  minor 
bands  mainly  within  the  90  to  120  kSa  range. 

Proteolytic  diKCStion  of  IgM 

Trypsin  digests  of  Sephacryl  S>300  purified  mass  tissue  culture  supentiitenl 
produced  immunoieactive  fragments  that  could  be  resolved  by  both  SDS.PAGE  and  size 

correspond  roughly  in  size  to  IgC  and  Fab^  ffagmeiUa.  respectively  (Figure  19).  The 
prolcinttrypsin  ratio  had  no  apparent  effect  on  the  type  of  cleavage  producls  however, 
iacubation  time  affected  product  distribution,  bicubalion  at  37  for  18  hr  was  sufScient 
to  convert  most  IgM  into  fragments.  One  proteolytic  digest  of  mass  tissue  culture 
supernatant  produced  priirtartly  one  fragmentation  product  having  a molecular  weight  of 
83  kDa  corresponding  to  a putative  Fab^  sized  fragment  (Figure  20a.  20b).  FPLC 
tiaetions  conlaitiing  this  ftagmem  reacted  with  Paneuria  P20  extract  upon  dot  blot 
armlysis  (Figure  20d).  Boiling  oflgM  in  reducing  sample  buffer  for  SDS-PAGE  resulted 

conditions  alone  can  result  in  IgM  disassembly  (Rgure20a). 


(50mM  Tris  pH  6.8.  2.W,  SDS.  lOH  ^/cctdI.  2.0K  ^-meiuploclhonol):  Lane  7. 


CD  ICD 


I ' I to  CO  CO 

Figure  20:  Panel  A;  SDS-PAGE  4-15%  Tria  Ccunnassie  Blue-siflined  gel  of  IgM 
2MIDI0  Hui«l  mass  culture  supemarent  tryptic  digest.  Lane  I.  molecular  weight  rrrass 
marherti;  Lane  2.  aloch  IgM  under  run  reducing  conditions:  Lane  3.  llnfrectionaied  IgM 
trypsin  digest:  Lanes  4-9  correspond  to  FPLC  Irncljons  15-20  in  Panel  B.  Panel  B.  FPLC 
size  exclusion  chromatographic  piofilc  of  IgM  trypsin  digest:  Panel  C.  Dot  blot  of  FPLC 
fiacilons  recognized  by  anti-mouse  IgM  p-chain  specilic  Ab.  number  designations 
correspond  to  lane  assignments  in  panel  A;  Panel  D.  Dot  btol  of  P pftwlrans  spore  UDC 
extract  showing  IgM  tryptic  ftacuons  bind  antigen  (refer  to  panel  A). 


This  study  introduces  lui  in  sini  soil  spore  envelope  extraction  procedure  (UDC) 
which  can  be  employed  to  solubilize  and  liberate  spore  envelope  protein  iroro  complex 
matrices  for  qunnlitotive  immunoassay  dctecUon  either  by  ELISA  or  SDS-PACE 
immuooblotting.  Soil  extractions  can  be  performed  In  less  than  orte  hour.  This  procedure 
obviates  the  need  to  isolate  spores  prim  to  Immunchdelection. 

Our  futding  that  the  eonceiuration  of  the  reduebg  agem  (DTT)  played  a minor 

Pandy  and  Aronson  (Pandy  and  Aronson.  1 979)  found  that  increa^ng  DTT  concentration 
did  not  increase  soluble  protein  in  studies  on  BacUlus  spores  (2500%  of  the  coal  protein 

proteins  were  roost  soluble  at  elevated  pH.  10.5  -II.  Urea-^-mercaplocthanol  dialyzed 

Ue/oidogyne  juveniles  by  60  to  80%  (Persidis  el  al..  1 991). 


observed  for  UDC  extracted  spore  pellets  and  sonic  water  bath  neoutd  fluorescein-labeled 
spores,  indicating  that  MAb  orientation  on  the  bead  w&s  not  a concern.  The  inability  to 
capntre  spores  in  fresh  culture  supemaie  was  shown  to  be  al  least  partially  linked  to  the 
eflects  of  free  or  l^ile  antigen  competing  for  binding  and  occupying  sites  available  for 


whalespotestwedonotKervaoceofiiibile  fluotncein-kbeled  spore  muniol  adhering  10 
ihe  heads.  Sbearing  of  spore  coal  maienal  (anligen)  by  soil  panicles  in  the  diaking 
process  required  to  mix  the  beads  may  release  anligen  thai  inhibits  capture  of  whole 
spores  from  soil.  Tbe  spores  are  comparatively  large  with  regard  to  the  sia  of  tbe  beads 
luid  physical  forces  may  also  play  a role  in  their  capture  from  soil.  The  successful  use  of 
magnetic  coated  beads  for  sequestration  of  bacteria  from  a variety  of  food  and 
eoviroemenial  matrices  have  been  widely  repotted  (Bnmo  and  Yu,  1996;  Pooler  et  oL. 
1997;  Pyle  et  el.,  1999;  Wipat  et  ol.,  1994;  Yu  and  Bruno,  1996);  bowever,  difliculties  in 

captureofBoc/ffur  spores  has  been  observed  (Blake  and  Weimer,  1997).  Tbe  successful 
triplication  of  UDC  spore  antigen  extraction  prccedure  obviated  tbe  need  (or  fUnber 
investigation  of  this  apprrrach. 


ELISA  for  detection  of  Pasteruia  penetrans  In  the  esviroument 

Qrmotifiention  of  Pasteuria  sprues  was  rlemoirstrated  using  three  seperare  ELISA 
formats;  Slandaid  indirect  ELISA,  amplification  ELISA  using  Itiolinylaled  MAb  and  a 
tertiary  ELISA  utillziDg  a biotin/streptavidin  signal  ampllficaticm  system.  The 
biolinylaied  MAb  failed  to  improve  tiro  lirnit  of  detection  over  the  standard  indireru 
ELISA  but  still  resulted  in  a tellable  and  rapid  assay.  TTie  teitiaiy  ELISA  using  a 
biotinylated  anil-mouse  antibody  followed  by  NeulrAvidin''^  (strepuvidin  derivative) 
resulted  in  the  most  sensitive  assay  and  wns  minimally  lO-times  more  sensitive  than  tbe 
slnodord  intUrect  ELISA  Slantdard  curve  generation  rrsing  POL  soil  routinely  produced 

spoies/g  foe  Ihe  leriory  ELISA  falls  within  Ihe  level  necessary  to  detect  and  evaluate  soil 


nmiDlode  suFfiressivily  (Chen  el  b1..  1996b).  Blocking  with  3K  BSA  following  aniigen 
buiduig  was  neceasaiy  (o  mitigaic  non-specific  binding,  but  is  was  nol  neccssaiy  lo 
include  il  in  subsequent  laaclion  cnixiufes. 

Detection  of  signature  peptides  in  SDS-BAGE  Westetn  blots  of  s^l  extracted 
antigen  obtained  fr(»n  test  and  field  soil  qualitatively  confirmed  the  ELISA  results  and 
dcmonslraled  definitive  evidence  that  the  anligcns  detected  by  ELISA  were  those 
detected  Pasievria  on  eodospores.  This  observation  supports  the  validity  of  the  assay  for 
quantification  of  endospores  in  field  samples. 


EragmealBlioD  of  IgM 

Immunoglobulin  M (IgM)  and  Immunoglobulin  G (IgG)  are  (be  two  most 
common  immunoglobulios  in  sera  or  secreted  by  bybridoma  cell  lutes  (Malibew  and 
Reichardt,  1982).  IgM  is  a large  -9S0  kOa  pcnlamcric  molecule  which  consista  of  five 
disidfide-Ibiked  subunits  each  containing  two  heavy  and  two  light  chain  variable  regions 
(aniigen  recognilion  regions)  conforiing  dectuneric  valency  (Plaul  and  Tomasi  Jr.,  1970). 
This  is  B large  molecule,  whetem  only  a small  portion,  the  Fv  region,  contains  the  antigen 
recognition  and  binding  legion.  The  deca-valency  of  IgM.  while  being  advantageous  for 
substrate  avidity,  poses  limitations  for  a variety  of  biochemical  applications  (Matthew 
and  Reichardu  1982).  IgM  can  potentiaJiy  sterically  hinder  or  mask  certain  biochemical 

desirable  for  surface  plasnton  rcsooance  or  similar  biosensor  based  techoology. 
Responses  of  IgM  lo  proteolysis  vary  bciwccn  IgM  molecules  (Beale  and  Van  Don. 
1982).  Differing  ne^tonses  to  proteolysis  occur  between  IgM  t^ies  due  to  variation  in 


Nidging  (Bcalc  and  Van  Don.  1962;  Lin  and  Puinam.  1978;  Manhew  and  Rc 
1962).  Factors  affecting  proieolysia  include  the  type  of  enzyme  employed  and  the  lime 
and  tempemiine  of  the  incubation  (Benie  and  Van  Don.  1982;  Lin  and  Pulnom.  1976; 
Plaul  and  Tomasi  Jr..  1970:  Schtohenloher  and  Bennett.  1971).  in  few  caeca  does 
rmgmentation  proceed  in  reguinr  steps  and  produce  well  delioed  series  of  fragmented 
molecules  (Beale  and  Van  Doit.  1962).  Proteases  commonly  employed  include  trypsin, 
pepsin  and  papain.  Enzymatic  digestion  can  pmduce  an  array  of  ftagmenls.  which  can  be 
separated  by  gel  filtration  and  evaluated  for  immunological  activity  by  ELISA  and 
chamcLTizcd  by  SDS.PACE  and  Western  Blotting. 

This  particular  IgM  lent  itself  easily  and  readily  to  fragmentation  with  trypsin.  We 
successfully  produced  immuitoieactivc  IgM  fmgmcms  that  may  be  used  for  fiulhcr 

technology.  This  prepamtion  may  be  also  be  important  in  future  marketing  of  the  Ab  for 
distribution  in  poitable  test  kits. 


MAb  2A41D10  demonstrated  no  cross-reactivity  with  any  organisms  with  which 
it  was  challenged  in  this  study.  Evidence  supports  the  conclusion  thnt  the  epilnpe 
recognized  by  this  MAb  is  unique  to  endospores  of  Paaeurta  spp..  at  least  compared  to 
endospotes  of  other  soil-bonie  bacteria.  Immunofluoresccnl  micrographs  showed 
recognition  of  the  spore  ciosporium  and  following  UDC  extreclion 
II  visible  ns  n halo  surrounding  the  periphery  of  the  spore  cortex.  It 


sppesis  thal  this  epilope  is  widely  distribiKed  in  the  inner  and  ouler  layers  of  the  spore 

amino  acid  composition  between  insoluble  and  soluble  coal  prolcins  in  Bacillus  (Pandy 
and  Aronson,  1979).  In  perfoimic  acid-oxidized  preparations,  mosi  tyrosine  was  absent 
tiom  hydrolysates  of  the  insoluble  fractions,  but  was  replaced  by  dityrosine  reMdues 
(Pandy  and  Aionson,  1979).  Dityrosine  has  been  shown  to  ctosa-liitk  smictitral  proteins 
itiercasing  stability. 

Previous  studies  indicate  that  the  epitope  recognized  by  MAb  2A4IDI0  is 
involved  in  recognition  and  attachment  to  the  rtetrtttlode,  arsd  therefore  constitutes  a 
putative  virulence  delcrminant  (Chamei^.  1997).  MAb  2A4ID10  has  been  shown  to 

with  an  ICso  value  of  1.3  x 10'^“  M (Chamecki  et  al„  1998).  Spore  anachment  to  host 
cuticle  is  believed  to  involve  lectin-carbohydrate,  electrostatic  and  hydrophobe 
inioactions  (Davies  et  al..  19%:  Davies  and  Redden,  1997;  Esnard  et  ttl.,  1997;  Persidis 
etal..  1991;  Spiegel  ctal..  1996;  Stirling  cl  al.,  1986).  Wheat  germ  agglutinin  (WGA), 
concanavailn  A.  NJ<l'-diacetylchilobiosc  and  periodate  inhibit  spore  artachmeni  to 
nenaiodes,  implying  a 0-1,4-linked  N-scerylglucosamine  containing  glycopeptide(s)  is 
resporuiihle  for  initial  recognition  of  the  nemaiode  cuticle.  MAb  3A4IDI0  recognizes 
UDC  solubilized  antigen  from  al  least  4 biotypes  of  P.  penetrans.  Specific  implications 

recognize  similar  glyeans  present  on  fetuin,  ovalbumin,  and  ribonucicasc  B (Chameclti  el 


1998). 


The  comribulion  of  IhU  eeotitive  and  elScicm  inummoassay  to  quantilV  soil  spore 
populations  provides  a needed  approach  to  study  application  of  PasKuria  for  biocoiurol 
of  plant  parasitic  nematodes.  Evidence  for  the  specificity  of  MAb  2A4IDI0  for 
Pasleurla  spp.  was  demonstraied  by  the  absence  of  cioss-ieactivity  with  soil-botne 
Bacillus  spp.  and  extracts  of  Pasiiuria  tree  soils  Comparisons  of  existing  emimenition 
methods  using  spore-laden  root  material  show  wide  variation  (Chen  et  al,  lW6n).  Of 
these  methods  the  type  amenable  to  soil  quanliftcalion  (bioassays)  are  shown  to 
underestimate  spore  levels  (Chen  e<  al..  1 996a).  The  bioassay  method  also  has  inherent 
limiutionsducto  defined  host  speciftcities  of  difteienl/'.  peneirrins  isolates.  Because  the 
imtnunoassay  reeogntzes  virulence-related  antigens  and  correlates  well  with  the  J2 
teoassay,  this  methodology  should  be  a valuable  predictor  of  bio-suppressive  soils.  It  has 
the  potemial  to  be  used  for  assessing  natural  suppresuvity  of  croplands,  and  could 
therefore  result  in  reducing  application  of  chemical  pesticides  that  may  have  detrimental 
impacts  on  the  environment. 

Demonstration  here  of  a procedure  to  solidiilue  and  detect  spore  antigen  in  a soil 
matrix  and  in  dried  ground  plant  material  has  potemial  for  broad  application  in 
environmemal  and  food  microbiology.  A rapid  screening  tool  that  obviates  the 
requirement  of  spore  isolatioo  prior  to  detection  can  greatly  reduce  processing  time  and 
diflicuity.  Mosi  In  sUu  immunocytological  detection  methods  lhal  do  not  involve  the 


are  amenable  to  quanbiaiion  only  by  direct  counting  or  rely  on  germination  in  selective 


applicable  for 


CHAPTERS 

ANALYSIS  OF  HOST  AND  PARASITE  SURFACE  COMPONENTS  AND 
INTERACTIONS  AS  EVIDENCED  BY  MAb2A4lD10 

iDtrodacliOD 

The  beveloprnenl  o(  s specific  aniibody  probe  for  Passeuria  and  ila  applieolion  for 
inununoloijical  detecLion  and  mcuidonjig  of  spore  levels  will  ^vide  an  important  tool 
for  assessing  the  capability  of  Pasreurla  spp.  as  a biocomrol  agent  of  plant'parasitic 
nematodes.  MAb  2A4IDID  was  fiutlier  applied  as  a biomolccular  probe  to  aid  in 
undeislanding  and  characterizing  the  surface  chemistry  associated  with  ioterecljoDS 
between  the  pMSevrla  hyperparasile  and  its  host. 

In  this  study  MAb  2A41DI0  was  evaluated  to  detetiDine  if  it  tect^nized  a 
Pasleurla  peatlrans  biotype  P20  epitope  that  ^recifically  bound  ibe  cuticle  of  the 
Meloldogyne  host.  Qualification  of  tbe  epitope  as  a virulence  dclertninanl  would  enhance 
the  significance  of  the  MAb  as  a probe,  as  it  would  then  likely  provide  an  indication  of 
levels  of  virulent  spores.  Based  on  the  tesistance,  genctnlly,  of  QrarO'posilive 
endospores  to  environmental  insults,  it  may  be  assumed  that  allowing  for  Pagtevfia's 
requironent  to  bind  to  bast  cuticle  to  initiate  infection,  a significant  reduction  in 
virulence  for  Pasleurla  would  result  fnrm  degradation  or  deterioration  of  its  spore  coal. 
DetcctiOD  of  this  component  of  the  spore  may  represent  tbe  most  accurate  assessment  of 
soil  supptessivity.  when  compofod  to  nucleic  acid-based  detection  systems. 

The  fust  stage  in  the  host-parasite  interaction  involves  the  biochemical  Inlemctlon 


idle  (J2).  Tbe  biochemical 


fiilly  undmtnxl.  Despit 


however,  ihoughi  » prunarily  involve  a lecim-ligand  interaction  witii  ^1,4-tiDked  N- 
aceryl-D-glucoseamine  (GicNAc)  receptor  on  the  surface  of  the  nematode  serving  as  a 
lectin  that  recognises  and  binds  GIcNAc  moieties  on  the  surfiice  of  the  endospore  (Bird  et 
al..  1989;  Petsidis  et  al„  1991;  Spiegel  et  al.,  1996).  Four  polypeptides  have  been 
proposed  as  potential  adberuns  (Petsidis  et  al..  1991).  When  spore  inbiUlory  extract  was 
absorbed  onto  host  cuticle,  electrophoresis  of  the  supematarn  was  depleted  of  4 
polypeptides  (M,  28  J8.  39  and  190  kDa)  that  appear  in  tbe  cuticle  cxtiaci  when  detected 
by  a polyclonal  Ab  prepared  against  whole  spores.  Eleclroblotting  followed  by  lectin 
overiay  indicated  that  all  components  were  glycosylmed  and  contained  N-teiminnl 
GicNAc  repdues.  A polypeptide  with  M.  47  kDa  was  also  detected  with  concanavalin  A 
(Con  A)  suggesting  the  presence  of  o-linkcd  glucose  or  mannose  residues.  Studies  have 
demoDslreled  Ibat  wheat  geitn  agglutinin  (WCA),  with  specificity  for  ^ 1.4-linked 
GicNAc  residues.  Con  A.  with  specificity  for  o-linked  mannose  and  glucose.  NJJ’- 
diBcetylchjlobiose,  or  treatment  with  periodate  or  ertdoglycoaida.se  F,  inhibit  ^xtre 
snachmenl  to  J2.  implying  a p-l-4-Iinked  N-ace(yl  glucosamine  coolaining 
gIycopeptide(s)  present  on  the  spore  coat  is  likely  responsible  for  Initial  recognition  aitd 
attachitienl.  Furthermore,  studies  on  the  characterization  of  nemalode  cuticle  indicate 
that  Meloidogynt  J2  juveniles  have  a higher  proportion  of  glycosylated  proteins  when 
compared  to  adulls  (Reddlgari  et  al,,  1986),  for  which  P.  penermns  endospiores  have  little 
to  no  afimicy.  Electrostatic  and  hydiophohic  intctsclion.s  have  also  been  implicated  in 
anachment(Dav>esetBl,  1996;  Davies  and  Redden.  1997;  Davies  et  ol..  1992;  Peraidisel 


J.,  1991). 


The  cxudcudcular  componcols  or  surface  coal  of  plonuparasitic  nemalodes  of  Uie 
qiecies  MiloidogiiK  have  been  generally  described  (Davis  and  Ki^lan.  1992;  Dickson  e( 
1970;  LinandMcCluie.  1996;  Robinson  etal,  1989;  Spiegel  elal.,  1997;  Spiegel  and 
McClure.  1991;  Spiegel  and  McClure.  1995).  Sodium  dodecyl  sullale  (SDS)  exlracU  of 
Motihgyiv  jamnka  12  produce  a variety  of  caibohydiaie-buiduig  proteins  and 
glycoproteins  as  evidenced  by  lectin  blotting  with  WGA  and  Coo  A,  as  well  as 
fucosylaled-.  maniiosylaied-  and  glucosylaled-bovine  senim  albumin  (Spiegel  el  al.. 
1997).  Soybean  aggullinin.  Uilui  (erugonolabus  agglutinin,  and  Llmulus  polyphema 
agglutinin  have  also  been  observed  to  bind  Mcloidogyne  12  cuticle  (Davis  and  Kaplan. 
1992).  Wesieni  blots  of  CTAB-solubilized  cuticle  proteins  of  infective  Meloldogyne  12 
show  differential  protein  patients  and  some  variation  in  Con  A binding  profiles  that  may 
possibly  be  used  for  dilTerentialion  (Davis  and  Kqilan.  1992).  Differeocee  in 
carbohydrate  content  of  glycoproleiiu  among  different  Meloidogyne  species  and  races 
may  be  related  to  pathogenicity  and  host  plant  specificity  (Davis  and  Kaplan.  1992).  A 
fibronectin'Iike  protein  on  the  surface  of  J2  root'knot  nemalodes  has  been  described  and 
it  was  found  (hat  pre-incubation  of  Paslewia  eodospores  in  both  heparin  and  gelatin 
binding  domain  fragments  of  fibronectin  blocked  adhesion  (Mohan  et  al..  2001). 
Monoclonal  antibodies  raised  to  culicular  C]>itopcs  of  M incognisa  J2  resulted  in 
significant  reductions  in  spore  attachroent  to  treated  wmatodes  (Esnard  etol..  1997). 

The  principal  objective  of  this  invcaligalion  was  to  deiermine  the  nature  of  the 
epitope  recognized  by  MAb  2A4IDI0  and  whether  or  nor  it  is  involved  in  recognition 
nnd  anacltment  of  the  spore  to  the  cuticle  of  the  nematode.  Two-dimensional  gel 


penetram  P20  endospores  i«cogni2ed  by  MAb  2A41D10.  and  nemalode  suxfBcc  coal 
coinpiHicnu  were  idenlified  thal  bound  these  pepddes  in  Far  Western  blots.  Protein  motif 
and  homologies  are  discussed  for  the  given  spore  coal  amino  acid  sequences. 
AdditionaJIy.  sport!  were  evaluated  following  passage  through  iKin-preferred  host 
Afe/ohAigyne  in  an  effort  to  reveal  the  role  of  the  nematode  in  antigen  displ^. 


Callivaliv 


MeloiJogyne  spp.  were  propogoicd  on  lomolo  (Lycoperslcaa  esnltnsum  Mill,  cv- 
Rulgcre}  in  6 bicb  clay  pou  containing  atcam-pesleuhzed  field  soil  end  cultivated  io 
gteen  housea.  Following  a penod  of  30  to  90  days  plants  exhibitiiig  egg  masses  were 
harvested  and  the  mots  rinsed  free  of  debris  with  haid'Weter  ^ray.  Egg  masses  were 
removed  by  a 20  sec  drench  and  hand  massage  in  O.SK  sodium  hypochlorite  (Hussey  and 
Baiter.  1973)  and  collected  by  decanting  through  a 75-pm  pore  sieve  stacked  over  a 25- 
)xm  pore  sieve.  Eggs  were  thoroughly  rinsed  to  remove  residual  bleadi  and  placed  on 
Baermann  tunnels.  Juveniias  at  2 to  4 days  after  hatching  were  collected  by  decanting  the 
water  suspension  over  o 25->im  pore  sieve,  linsed  with  dH]0,  and  transferred  to  a 
gnidualed  cylinder.  The  niunbcr  of  J2  were  determined  by  coumbig  the  number  of 
individuals  in  a 1-ml  aliquot  placed  on  a counting  grid  with  the  aid  of  a dissecting  light 
microscope.  The  J2  suspension  was  pelleted  by  centrifugation  at  I.OOO  rpm  and  stored  at 
-20°Cor-70"C- 

Ncmatodc  cuticle  nlraclwu 

Mehidogyre  spp.  12  were  added  nl  anlio  of  (1:3)  v/v  to  a soludon  with  a final 
concenlrelion  of  6.0  M urea.  0.003  M CHES  buffer  pH  10.  and  3 mM  diihiotluritol 
(DTT)  iu  1.3  ml  centrifuge  tubes.  Samples  were  incubated  at  40  - 45  for  I hr  in  a hot 
water  bath  and  sutyecied  to  iolennittent  brief  vortexing  and  immersion  in  a sonic  water 
bath.  After  I hr  the  samples  were  centrifuged  at  10,000  g for  3 min  and  the  supemste 


al  4 t oc  -20  t for  longer  lerm  storage.  Prolcin  concenmiiions  were  dciermined  by 
Coomassie  blue  binding  assay  (BioRad  Laboralories)  (BradfoM.  I976).  Figure  21  shaus 
the  condiiionofa  Mcloldogyne  J2  post  UDC  extraction  and  retention  of  body  well  and 


SDS-PAGE  and  Far  Weslem  Blotting  of  ncmalode  cutlele  eitnct) 

Ctdicle  extracts  were  analyzed  by  sodium  dodecyl  siUfsIe-polyaciylamide  gel 
electrophoresis  (SDS-PAGE)  using  4 - 16%Tris-HCI  gradient  gels  (Bio-Rad)  (Laaounli, 
1970).  Cels  were  fixed  ovenught  in  SOH  methanol  and  lOH  acetic  acid,  washed  with 
dHjO  for  60  min  with  three  changes,  soaked  in  0.0002%  DTT  for  30  min.  washed  in 
dH}0  for  5 min  and  incubated  with  shaking  in  0.204%  silver  nitrate  for  2 hts.  Gels  woe 
rinsed  in  (IH3O  for  5 min  and  soaked  briefly  in  300  ml  of  solution  containing  3.5% 
sodium  carbonate  and  0.05%  formaldehyde  until  a homogenous  fceowo  color  appeared. 
Tbe  solution  was  poured  off  and  replaced  with  500  ml  of  the  some  developing  solution 
artd  tbe  gels  were  placed  on  o shaker  until  bands  appeared.  The  gels  were  placed  iit  3% 
acetic  acid  for  5 min  to  stop  the  reaction,  rinsed  in  dHtO  and  soaked  in  20%  glycerol 
before  drying  To  detect  nematode  cuticle  peptides  bearing  receptors  for  spore  ndhesin 
peptides,  a Far  Western  blotting  approach  was  used  in  which  resolved  and  blotted  cuticle 
pepUdes  were  lltsi  probed  with  qtore  peptides  (UDC  extiacl)  and  Ihen  with  MAb 
2A4IDI0.  Gels  were  transferred  to  nitrocellulose  membranes  In  blotting  bulTcr  (192  mM 
glycine.  25  mM  Tris-Base.  20%  methanol),  using  a Mini  Trans  Blot  Cell  (BioRad)  at  SO 
V constant  voltage  for  I J hts.  Membranes  were  blocked  with  5%  non-fot  dried  skim 
milk  (CamntioD)  in  I 


: (10  mM  phobic  bulfcr.  pH  7.6. 1 50  mM  NaCI)  overnight  at  4 


Figure  21:  Phase  cominsi  micrograph  of  a arrnaria  J2  following  urea. 

CHES  and  dilhioihreilol  (UDC)  Muaclion  showing  inlaci  body  wall  and  reiemiim  of 


^ before  bloniog.  Meznbmnes  were  washed  in  PBST  (10  mM  pbosphaie  buffer,  pH  7.4, 
1 50  mM  Naa  0 Tween  20)  nnd  Hotted  with  Paslarla  biotype  P20  UDC  spore  coat 
extract  (440  ng/pJ  of  protein)  at  a 1:100  diluhon  (4.4  mg/ml  protein)  in  PBST  for  2.5  hrs 
shaking  at  room  icmpcnnure.  The  blots  were  ^ven  three  5 min  washes  in  PBST  and 
irtcubated  io  axiti-Pnsrevio  MAb  2A41D10  mass  culture  supematent  diluted  1:100  for  1 
hr.  washed  three  times  and  incubated  in  alkaline  phosphatase  conjugated  anti'cnouse  IgM 
p-chaia  specific  (Sigma)  diluted  1:500  for  I hr.  The  blots  were  given  three  5 min  washes 
in  PBST  followed  by  three  5 min  washes  in  substrate  buHer  (100  mM  Tria,  pH  9.5, 100 
mM  NaCI,  5 mM  MgClj).  Alkaline  phos^tatase  substrate  5 bromO‘4-chloTO‘3*iDdol‘ 
phoqihste  (BCIP)  and  nitro-blue  lelrazolium  (NBT)  (Ptomega)  were  added  to  the 
substrate  buffer  to  a coocentratioo  of0.165H  and  0.33H  (v/v)  re^tectively.  for  rletection 
of  bound  MAb. 

ELISA  of  cuticle  extract 

analyzed  for  protein  content  by  Bradford  assay  (Bradford,  1976).  Extrards  were  plated  at 
a concentration  of  100  ng  total  protein  pec  well  on  [mmulon-2  micaotiter  plates 
(Dynatech)  in  coaling  buffer;  (CB:  1.59  g NaaCOs . 2.S1  g NaHCOs.  0.2  g NaN}  to  1000 
ml  dHaO).  Antigeo  wa.s  incubated  2 hr  el  room  temperature  or  overnight  at  4 "C,  blocked 
with  PBS  conlainiog  3H  bovine  serum  albumin  (FBS-BSA)  for  30  min.  nod  washed  3 
Utoea  with  125  pi  of  PBST  (D.OIK  Tween  20)  pH  7.3.  Plates  were  treated  sequentiaUy 
for  a mrairaura  of  1 hr  vrilh  P.  penerram  P20  UDC  extract  in  PBS  (0.0254  Tween  20X 


sephacryl  S-300  punfied  MAb  2A4IDI0  asciu 


IgM  (>i‘Chain 


Jine  pho 


njugBled  secondary 


were  wssbcd  a minimum  of  3 times  wilb  PBST  (0.01%  Tween  20)  pH  7J  between 
treatments.  Bound  conjugate  was  observed  by  aidilion  of  APS  buffer  containing  O.S  mM 
MgClr  and  i3]  mg/oii  p<nitrophenyl  phosphate  on  an  EIA  micits.piaie  reader  at  403  nin 
(BioRnd). 


2D-geI  eleetropboresia  of  spore  coat  antigen  and  Mf/eUDgyiu  12  surface  eoal 

Poilfuria  pewrarvt  P20  endospore  coat  protein  exliecled  in  UDC  buffer  (4M 
urea,  to  mM  DIT,  0.0)  M CHES  pH  9.0)  was  diluted  in  ISO  pi  of  9 M urea.  2 M 
ihiouiea.  4%  CHAPS,  100  mM  DTT,  0.001%  bromophenol  blue  and  2%  IPG  buITer  (3- 
10  NL),  the  mixture  was  filtered  throuf^  a 0.22  pm  syringe  filler  and  transferred  to  a 
strip  holder  to  rehydrate  a 7 cm  pH  3-10  (NL)  Pharmacia  IPG  strip  for  overnight  at  room 
tcmpeiature.  isoelectric  focusing  (IFF)  was  conducted  using  a Pharmacia  Mulliphor  U 
connected  to  a Lauda  thermociiciilnlac  at  a temperature  setting  of  19  T.  The  focusiog 
condition  was  set  at:  ISO  V for  30  min.  300  V for  1 hr.  300  V to  3S00  V for  I.S  hr  and 
3S00  V for  1B.S  hr  (tmalytical).  Following  lEF  the  gel  scrips  were  either  frozen  at  -20  *C 

50  mM  Tris-HCI  pH  6-8. 6 M urea,  30%  (v^)  glycerol.  2%  (w/v)  SOS.  100  inM  DTT  for 
IS  min.  then  with2.S  ml  of  SO  mM  Tris-HCI  pH  6.8. 6 M Urea.  30%  (v/v)  glyceroU  2% 
SDS.  2.5%  iodoacetamide,  and  a trace  amount  of  Bromophenol  Blue  for  I S min.  Gel 
strips  were  then  mounted  onto  a second  dimension  Inviirogen  Ptecasi  4-20%  Tris- 
arose  made  in  Tris-Glycine  SDS  electrophoresis  running 


Glycine  Zoom  gel  in  0.5%  Aga 


buJTer  (0.025  M Tris,  0.192  M Clyeint  O.Itt  SDS,  pH  8.3;  (Lasmmli.  1970))  will 


BroiDO|diciiol  blue  as  liscling  dye.  Novex  Msrii  12  wu  used  as  a mass  maiker.  Gels 
were  subjected  lo  electrophoresis  in  the  Tunning  bufter  at  125  V for  2 hr.  Gels  used  for 
^ver  staining  were  fixed  in  40  9>  ethanol,  10%  acetic  acid  ibriil  least  2 hr.  Ihen  silver 
slained  Ibllowing  cross-linking  with  glutaraldehyde.  Gels  were  iransblotted  to  PVDF 
membraitcs  in  10  tnM  MBS  pH  6.0, 20%  methanol  at  30  volt  for  90  min.  For  N-terminal 
sequencing,  the  Iransblntted  PVDF  membrane  was  rinsed  well  with  dHiO,  stained  wHh 
0.02%  Cootnassie  Blue  R-250  for  30  sec  to  I min.  and  destained  with  40%  melhanol  and 
S%  acetic  acid  2 limes  for  I min  each.  The  blot  was  rinsed  eilensiveiy  with  dHjO  and 
oir-dried.  Western  blots  and  Far  Western  blots  were  prepared  as  for  l-D  electrophoresis. 
Regions  of  the  blot  selected  lor  N-lenninal  sequencing  were  determined  by  back  to  back 
overlay  of  the  Western  blot  witb  the  blue-stained  sequencing  blot.  Spots  that 
corresponded  with  reports  of  immuno-detection  were  excised  for  N-terminal  sequencing. 


N-lenainal  sequencing 

Edman  degradation  amino-acid  sequencing  mi  excised  regions  of  the  Coomasaie 
Blue-staificd  PDVF  membmnes  was  performed  using  an  Applied  Biosystems  494  Protein 
sequencer  (P.E.  BiosysKins)  under  normal  pulse-liquid  cycles.  Amino  acid  sequences 
were  made  using  ABl  610A  data  software. 

Immunofluarcacent  microscopy  of  boond  spore  antigen  to  Meiaidogyat  J2 

Meloldogyw  arenarla  nee  I Juveniles  3 days  post  hatching  (100  32)  were  washed 
in  dH]0  and  placed  in  900  pi  ofl  00  mM  MOPS  bufibr  pH  7.0.  To  this  was  added  50  til 


of  Pastearia  ptnetrans  bdolype  P20  UDC  spore  coal  extraci  containing  10.2  Mg  total 
protein.  Tbe  negative  control  consisted  of  50  pi  of  J2  io  950  pJ  MOPS  buffer.  Samples 

washed  three  limes  by  30  sec  pulse  cemrifugalion  in  PBS  (10  mM  pho^haie  buffer,  pH 
7.3. 300  mM  NaCI).  Anli-Pnrreanii  MAb  2A4IO10  purified  from  ascites  on  sephacryl  S- 
300  at  a 1:1000  diinlkm  in  PBST  (0.2K  Tween)  pH  7J  was  added  to  the  samples, 
followed  by  incubation  for  1 hr  on  a rotary  shaker.  Tbe  pievious  wash  step  was  repealed 
and  the  samples  were  then  incubated  in  anti-mouse  IgM  M-ohain  specific  secondary 
antibody  labeled  with  fluorescein  (Sigma)  for  I hr  with  shaking.  The  samples  were 
washed  four  times  as  described  above  and  slide  mounts  were  spared  by  piocing  the 
specimens  on  glass  rides  with  cover  slips.  ImmunoHouresceni  microscopy  was 
performed  using  a Nikon  epiflourescencc  microscope  housing  a 495  am  excitation  filler, 

FPLC  of  Pasreune  P20  and  M.  annaria  J2  UDC  extracts 

Past  protein  liquid  chromalograpby  (FPLC)  of  UDC  extracts  was  performed  using 
a Biologic  FPLC  (BioRnd)  equipped  with  a Bio-Sil  SEC-125  column  and  eluted  in  100 
mM  NaFO.  pH  7.6  and  1 50  mM  NaCI  at  a flow  rate  of  I ml/min. 

exnacicd  as  slated  previously.  Boerman  funnels  were  harvested  at  I to  5 day  intervals  for 
infective  J2.  P.  penetrans  biolype  P20,  P 100.  P 1 20  and  B4  spore  suspensions  were  sdded 


lo  ISmlnibescoDlaiDing  J2.  Tubes  were  centrifuged  oi  1000  rpm  for  S lots  min  or  until 
100%  anachmenl  was  attnined.  In  some  cases  oiuiclunent  was  difficult  and  more  spares 
were  added  and/or  centrifugation  limes  were  extended  until  at  least  60%  of  J2  had  at  least 


12  PIE- 


bcubaud  in /’uHeuru  P20  spore  UDC  cxtnci  and  exposed  u>  UAb  2A4ID10  show  die 
epitope  recognized  by  the  MAb  binds  to  the  cuticle  of  infective  12  (Figure  22).  The 
results  show  the  entire  surface  of  the  nematode  contains  receptors  for  spore  coal  protein. 
Pasrevria  spore  extract  is  shown  to  bind  only  to  Meloido^ne  12  and  net  males  or  free- 
living  nematodes,  ie.  ghabdiUi  spp.  (Figures  23  and  24). 

SDS-PAGE  and  Far  Wesleni  blotting 

SDS-PAGE  and  Far  Western  blots  of  resolved  UDC-solubilized  Meloidogyne 
arenaria  race  I and  MeloiJogyne  incognila  race  3 i2  surtacc  coat  pmlnn  reveals  similar 
profiles  containing  several  molecular  weight  species.  Predoinioant  bands  at  M,  -34,  43 
and  35  kDa  appear  on  both  blots.  The  band  at  Mr  -34  ItDa  Is  not  present  In  the 
electrophorelic  profile  of  P.  ptnetram  P20  (po»tlve  control),  thus  providing  addilional 
proof  of  this  as  a ncmaiode  derived  piolein  and  not  a result  of  comumination.  (Figure 
25).  MAb  2A4ID10  showed  DO  cross-reactivity  with  culicie  extract  io  the  absence  of  pre- 
incubatirHi  with  spore  extract  and  produced  a blanh  lane  on  the  blot  (data  not  shown).  Ihe 
corresponding  silver  stained  gel  shows  a generally  unresolved  cunlinuum  of  productfs) 
and  fuils  to  demarcate  the  reactive  peptides  seen  in  the  Fnr  Western  blot,  suggesting  that 
these  peptides  either  do  not  stain  well  or  dint  the  coinptnKnl  binding  the  putetivc  adbesins 
are  present  as  n minor  component  oftbe  nematode  surface  coat 


UDC  solu^Mzed  ^re  envelope  protein  and  exposed  MAb  2A41D10  and  anti-mouse 
1^  p-chain  specific  fluorescein  Isoibioc^naie  (FTTC)  conjugated  secondary  Ab.  Panel 
A.  as  viewed  under  epifluorescence  using  a 495  run  cxcilatlon  Rller;  Panel  B,  under 
brigblfleld  microscopy. 


biotype  P20  UDC  solubilized  spore  eitvelr^  proiein  and  ex^sed  UAb  2A4IDID  and 
anli-mouse  IgM  p-chain  specific  fluoroscein  UothiocyiuUe  (FITC)  cocjugmed  secondory 
Ab  as  viewed  under  epinuoresueoce  using  a 495  mu  excitation  filler.  Panel  B. 
Comparison  of  non-unmuofluoresccnl  control  with  infective  Meloidogyrte  arenarta  race 
I J2  (top).  Mote  the  presence  of  internal  auto-influcrescencc  which  illuminates  a yellow 
gold  color  under  excitation  at  495  run  as  compared  to  FITC  (green). 
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Figure  25:  For  Weswm  blot  and  silver-stained  gel  of  UDC  cuticle  extracts  of]  to  7 day- 
old  H arenariance  I,  M incognito  race  3 J2  and  P.  penerram  P20  UDC  extracted  spore 
envelope  proton.  4-153i  Tris-HCI  gels  were  used  for  SDS-PAGE.  Prouins  Ibr  the 
Western  blot  were  detected  by  ineulAIion  in  Pasteurio  P20  UDC  extract,  followed 
incubetioo  in  MAb  2A4IDI0  and  aoli-mouse  IgM  M-chaio  speciitc  Ab  aUtal 
I^osphalase  conjugated.  Lanes  I and  2 are  Far  Western  blots  of  electiopboresed  cut 
extracts  and  Lane  3 is  a Western  blot  of  Pastervia  ptnerrans  spore  coal  extract  Lane  I. 
M arenaria  race  I;  Lane  2.  M.  incagnila  race  3;  Laite  3,  P.  ptnelrans  P20.  Lanes  4-6. 
Silver-stained  gel  as  in  Lanes  1-3. 


ELISA  ofspor 


Some  blocking  reagcnu  commonly  used  in  ELISA  reduced  P20  unligen  binding. 
It  WBS  found  that  i%  skim  milk  (Carnation)  reduced  the  A 405  nm  signal  by  23%  and  3% 
gelatin  (bovine  skin  type  A)  reduced  the  signal  by  16%  when  compared  to  3%  bovine 
serum  albumin  (BSA)  which  reduced  the  signal  just  2%  over  the  non^blocked  control 
(Figure  26).  The  nature  of  the  blocking  agent  had  a signilicam  effect  on  the  ability  to 
detect  biruling  of  spore  coal  antigen  to  cuticle.  UDC  soiubiliaed  infective  J2  cuticle 
ei tracts  plated  at  100  ng/  well  were  challenged  with  P.  ptnttrans  P20  extract  ranging 
from  5 10  250  ng  to  determine  if  the  epitope  tecognbted  by  MAb  2A41DI0  bound  cuticle 
ui  a dose  dependent  manner.  Elound  antigen  was  deiccicd  using  anti-fotrearie  MAb 
2A4IDI0.  Spore  aoligen  is  shown  to  bind  cuticle  extracts  of  Af.  arenaria  race  I and  Af. 
incognira  race  3 In  dose-dependent  fdsliion.  M.  irvognlta  demonstrated  higher 
absorbences  than  Af.  orencrio  for  a particular  spore  extract  concentration  (Figure  27). 

2-D  gel  proFilcs  and  N-termiilBl  sequence  of  Fasreiirio  immuno-reaclive  p^tidcs 

Passewla  penetrans  P20  UDC  extracted  spore  envelope  proteios  whem  separated 
by  2-diisensional  gel  electropbotesis  (Figure  28).  N-tetmlnal  smlno  acid  sequencing  by 
Edman  degradation  was  performed  on  resolved  MAb  2A4IDID  reactive  peptides  (Figure 
29).  Spots  corresponding  to  peptides  of  Mr-  23,  96.  and  120  kDa  were  partially 
sequenced.  Two  peptides  having  a M,  of  96  kOa  had  dilTetenl  isoelectric  points  (Hgure 
29  ^ts  I and  3)  and  different  N-terminal  amino  ecid  sequences.  Three  of  the  four 

position  (Table  3).  An  isoform  of  e 23  kDa  peptide  (Figure  28  and  29  spot  4)  provided 


Figure  26:  ELISA  of  M arenaria  Race  I 12  cuticle  exinci  and  tbe  effect  of  various 
blocUng  resgenls  on  detection  b>  P20  spore  cxtruci  using  aoti-Aisieiiria  MAb  2A4I  DIO. 


P20  llDCtitncI  (iisAwO) 
-^MAI  -*-MI3 


Figure  27:  Dom  response  binding  of  rasleuria  P20  spore  coal  cxiracL  to  M.  arenarh  race 
I and  M.  itKogniia  race  i oiiicle  extracts  as  delected  by  tmli-foireunii  MAb  2A4I  DIO  in 
as  ELISA.  Cuu'cle  extracts  were  plated  at  10(1  ^g^veil. 
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Figure  28;  2-Dicnnisional  gold-slain  blw  of  Pasleuria  penelram  P20  spore  envelope 
proteins.  lEF  pH  3-10.  SDS-PAGEon  l2.5%Tris-HCl. 


Figure  29:  2-dimCTsional  gel  blou  showing  cul  siies  for  N-leiminol  amino  acid 
sequencing  oX  Pasleurio  penetranx  P20  MAb  2A41D10  spore  envelope  immuno-reaclive 
peptides.  Panel  A:  Coomassie  Blue-siaincd  sequencing  blot.  The  sites  indicated  I 
through  4 in  red.  tsere  used  for  individuai  sequence  analysis.  The  arrow  indicates  a 
tniscut  that  was  not  sequenced  Pand  B:  Mirror  image  (reverside  side  of  the  gel  used  for 
Panel  A|  of  the  Western  blot  that  was  used  to  deiemtine  cut  sites.  The  two  blots  were 
overlayed  (back  to  back)  and  a sterile  rteedic  was  used  to  perforate  areas  on  the 
sequencing  gel  that  corresponded  to  immuno-reactive  regions  on  the  Western  blot. 


TaMe  3.  N-KimlnBl  amino  add  saquancas  for  rewlved  2-diniensional  gel  elecbophoress 
(Rgute  28)  Pasleorla  psBrtrow  P20  spore  coal  proiebs  healing  ihe  cpilopc  recognized 
byMAb2A41DI0. 


2 120 


to  2-dimenslonal  pel  for  identi 
‘X;  Modified  ammo  acid  - unable  to  a 


MYHNDYOGKX 
Sf6fA~FUG/aXX 
SEGNIXG6XRV  XfL  X/E  A 
SIG  EE  ore  XXYKPPAML  PfF  QR 
cations  in  Figure  28. 
sign  an  indentity. 

der  of  likelihood  for  a particular  position 


N-iermiDol  amino  add  sequences  were  obtained  for  four  A penetrans  P20  UDC 
solubilized  peptides  Ihal  contained  the  epitope  recognized  by  MAb  2A41DI0. 
Generalized  motif  expiessions  as  provided  by  Peptool  software  (Biotools)  arc  presented 
below  in  Table  4.  in  terms  of  homology,  two  of  tbe  three  sequences  aligned  most 
significanlly  with  CoenurAabd/rir  e/egoru  protcuis  using  NCBI  BLAST  parser  search.  C 
elegans  hypothetical  Fcoteio  Y43F4B.2  (ncecssion  no.  T26840)  had  the  most  significant 
similarity  to  spot  I (96a  kDa).  Spot  3 (96b  kOa)  aligned  most  signiBconlly  to  a 
hypothetical  inotcin  MLCB2S33.09  of  MyeohaclerUim  leprae  (assession  no. 
CAA22923).  But  it  also  showed  some  antilarity  to  C elegans  hypothetical  protein 
B033I.1  (accession  no.  TI8699)  among  other  eukaryotic  MHC  Class  i type  proteins. 
Spot  4 (23  kDa)  had  primary  sequence  homology  to  a 26.S  kDa  hypothetical  protein  from 
C elegans  (accession  no.  Q096S2)  and  C.  ele^ns  hypothetical  protein  FA2AI0.5 


0-  T30959).  Surprisingly,  none  ttiese  » 


(MCieriel  spore  coO  proleins.  Inieresliogly,  only  one  of  these  three  peptides  showed 
significant  similarity  to  other  eubacleria.  The  similarity  of  these  peptides  to  the  hee- 

MHC  Class  I and  a generalized  B cell  epitope,  can  not  be  earily  explained,  ksi^esisthe 
possibility  that  the  presence  of  these  genes  may  have  arisen  as  a result  of  developmem 
within  a eukaryotic  host 


Tabled.  Motif  assignmenis  for  MAb  2A4I  DIO  reactive  peptides  of?.  ;xnerrant  spore 
envelope  preleins  as  shown  in  Figure  28  using  Peptool  (Biolools  software).  References 
for  the  assignments  were  provided  by  Peptool. 


1 96 

MYltNDVQGKX 

Generalized  B Cell  epitope' 

3 % 

SEONIXGGXRVXXA 

MHC  Class  I epitope^ 

4 23 

SEEQXXYKPPAMLPQR 

MHC  Class  I epitope* 

4 23 

SEEQXXYKPPAMUPQR 

Glycogen  synthase  trinnea  3 

phosphorvlalioii  site' 

'WIshart,  D.S.  (ut^aiblished) 

^Rammensee,  H*<).  elal.,  Inmimogenetics  41:178-226 
^Falk.  K.  et  al..  Nature  351 :290-296 
‘Fiol.CJ-etal.  J.  Biol.  Cbem,  262: 14042-14048 

Biochemical  analysis  and  profiles  of  PasUmia  and  Mehidogynt  J2  HOC  extracts 

Fast  protein  liquid  chtotnatography  (FPLC)  ptofiles  of  P.  ptnerram  spore 
envelope  UDC  extracts  and  M arenaria  race  1 surface  coal  UDC  extracts  separated  by 
size  exclusion,  provided  a large  number  of  peptides.  Dot  Hots  of  individual  fiactionsof 
spore  UDC  extract  where  tested  for  recognition  by  MAb  2A4ID10.  The  ceaulU  indicate 


&anions 


shown  10  bo  rocognUod  MAb2A41D10  (Figure  30). 

The  FPLC  profile  of  culicle  exlrscl  shows  a majority  of  ibe  UDC-solubilized 
cuticle  prolein  eluted  as  relatively  low  moleculiir  wei^i  peptides  based  on  absorbance  at 
2B0  mil.  Large  peaks  at  M,  18.8.  15.3,21.1  and  8.9  kDn  ore  seen  to  dominate  the  profile 
(Figure  31).  TwCMfimensional  gel  eleetroplwrelic  profiles  of  Mtloidogyne  annaria  }2 
UDC  solubilized  cuude  extract  arc  shown  in  Figure  32.  In  an  attempt  to  characieiize  the 

performed  on  three  excised  peptides  that  bound  Pafiewia  penetrans  P20  ^re  coat 
extract  as  indicated  by  reactivity  in  a Far  Western  blot.  These  peptides  unfortunately  did 
not  provide  sequence  information  nod  appeared  to  be  N-terminally  blocked. 

In  this  study  P.  penetrans  biotypes  P20.  FIDO.  PI20  and  B4  were  forcibly 
attached  to  a variety  of  preferred  and  non*preferTed  host  MelolJogyne  spp.  and 
propagated.  The  spore  progeny  were  evolualed  for  changes  in  peptide  size  and 
distribution  following  development  in  different  hosts.  Table  6 provides  bioiype 
de^gnations  and  host  preferences  for  Pasteuria  epp..  Individual  biotypes  of  P.  penetrans 
display  characteristic  antigenic  ladders  upon  SDS-PAGE  Western  blot  analysis  using 
MAb2A4IDIQ.  Some  molecular  moss  peptides  ore  commonly  shared  between  individual 
biotypes  but  vary  in  distribution  and  some  ate  biotype  specific.  Wcsiera  blots  obtained 
with  MAb  2A4IDI0  for  UDC  extracts  arc  given  in  Figures  33-36.  The  results  overall 


□•preferred  host.  In  tigu 


' was  pfopegfiled  on  M. 


race  2,  spaia  miachmcnl  was  difficoll  and  subacqucni  infeclion  eras  poor.  As  o resuU  very 
few  spores  where  produced  which  is  the  basis  for  the  weak  signal  on  the  biot  Biotype 
P20  {Figure  33),  the  only  isolate  lor  which  there  is  coly  one  preferred  host  (M.  annarUi 
race  1),  demonstrated  a slightly  altered  profile.  A peptide  of  M,- 84  kDa  is  absent  in  lane 
5,  and  in  laies  4 and  6 a Mr'  64  kOa  peptide  is  not  represented  as  compared  to  the 
control  (Lane  2). 

Tabled.  Pasiewia penetrara  biotype designalion,  host  preference  and  geographical 
location  where  first  isolated. 

Bietype  Host  prefercDce  GeogmpbicaJ  location 


P25 


Levy  Co.,  FU  USA 
Alachua  Co..  FL,  USA 
Pasco  Co.  FL,  USA 


M.an2;M.UiciM.Jin 

M.jeyiM.lne 

P.  serthneri;  M.  Uk 


Alachua  Co.,  FL,  USA 


Seminole  Co.,  FL,  USA 


Figuic  30:  FPLC  profile  and  fracuun  colJection  of  P.  peneirtms  P20  UDC  spore  envelope 
exmcl  seponiicd  by  size  exclusion  chromatography  and  delected  by  UV  absorbance  ni 
280  nm.  Molecular  weigh!  designations  for  peaks  1 through  10  were  calculated  by  linear 

the  run  is  a urea  solvent  peak.  The  dots  appearing  across  the  top  of  the  chromalograni  are 
dot  blots  using  10  pi  of  each  fracijoD  lowing  iirununO'reaclivirv  with  MAb  2A4ID10. 


Figure  31:  FPLC  prulile  of  UDC'Solubilized  surface  coal  exlraci  from  KUhidogyne 
arenaria  race  I infeciive  32.  Peptides  rsere  separaled  by  size  excluson  chromalograpby 
ard  delected  by  UV  absorbance  al  2B0  nm.  Molecular  wcigbl  designations  for  peaks  1-10 
were  ealculaied  by  linear  regression  using  retention  rimes  of  known  protein  standards. 
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Figure  32:  2-difnensionui  gel  Wois  used  for  N-lermina!  ainino  acid  sequencing  of 
MtloithgfK  arcnariu  race  1 UDC  cxiracled  surface  coal  peplides  Ihal  bind  Pasleuria 
pcneiram  P20  spore  envelope  peplides  Ihal  are  recognized  by  MAb2A4ID10.  Panel  A: 
Coomassie  Blue-siained  blot.  Panel  B:  ruoimissie  Bliic-slalned  blol  wilh  cutouts  excised 
for  N-terminol  sequence  amino  acid  analysus.  Panel  C;  Far  Western  blol  of  culiele 
exiracK  bloued  with  PosrvtirUi  P20  spore  cxlraci  and  delecled  wilh  MAb  2A41D10. 
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Figure  35;  Anrigenic  ladder  o(  Paacuria  peiKIram  biolype  P120  propagated  on  several 
host  and  non-host  MeloiJogym  spp  os  delected  by  MAb  2A4ID10.  Lane  I.  Molecular 
weight  markere  (kDal:  lame  2.  P.  ptngiram  P20  propagated  on  MelniJog^m  arenaria 
race  I (host);  Lane  3.  P.  peneiram  PI20  propagaled  on  MeloidogiTK jaranka  race  1 
(hnsl):  Lane  4.  P.  prneirans  P120  propagated  on  McloiJo^ve  incognUa  race  1 (host); 
Lane  5.  P.  penctron.r  PI  20  propayated  on  McloiJogyne  argnaria  race  2 (non-host);  Lane 
6.  P.  penetrans  P 1 20  propagated  on  Mgloiduf^  iK  orenaria  race  I Inon-hosll.  Righl. 
densiometer  scans  of  Innea  2-4  (lop  to  bottom  I. 


This  study 


DisciusisD 

epitope  recognized  by  MAb2A41DI0  binds  to  the  cuticle  ofinrective  Meloidogym  J2. 
This  finding  further  supports  n rule  for  this  epitope  as  a virulence  determinant.  This  is 
turn  defines  the  value  of  the  immunoassay  as  a means  to  delect  virulent  spores  by 
recognizing  peptides  involved  in  recognition  and  attachment  to  the  host-  This  finding  has 
strongly  implicated  specific  peptides  both  on  the  spore  ond  theireroalode  that  are  required 
for  recognition  and  attachmenL  TTte  interaction  between  spore  (^yco)peptides  ond  cuticle 
receptors,  a putative  lectin-ligand  interaction,  is  remarhably  mninlnined  under  reducing 
and  denaturing  conditions.  Released  spore  coal  protein  is  shown  to  iuod  both  to  live  J2  as 
shown  by  immunoriuorescenl  microscopy,  and  solubilized  surface  coat  extracts  in  Far 
Western  Wots.  This  interaction  is  the  basis  for  further  characterization  of  cuticle 

MAb  2A41DI0  recognizes  ligands  of  cuticle  receptors 

Immunofluorescenl  microscopy  revealed  thru  the  epitope  recognized  by  MAb 
2A41D!0  present  in  soluble  spore  envelope  extract  of  Fasreirr/o  pent(nms  biotype  P20 
Wads  Metoido^yne  arerwia  race  1 J2  cuticle.  Spore  ligand  reccplora  on  the  nematode  ore 
located  over  the  entire  cuticle  surface  and  ore  not  restricted  to  speci^c  re^ons  such  as 
excretory  organs,  amphids  artd  phasmids  {Page  el  al.,  1992).  This  is  consistent  with 
observations  on  spore  attachment  as  endospores  arc  observed  to  attach  at  sites  uniforroly 


Mehldogyti 


imaaction.  The  neiretode  aurfsce  cou  i>  known  lo  e>:hibit  sUge-speeiRc  ultra-stmcnml 
and  compo^lional  difrorences  (Blaxter  ei  al..  1992:  PerhdU  et  al..  1991;  Ptiillip  el  aL, 
19!0;  Reddigari  et  al„  1986]  (Rudin.  1990).  Diflinences  in  soluble  cutiele  fictions 
between  adult  MtloUhgyne  females  and  juveniles  notably  aniear  in  the  prevalence  of 

no  affinity  (Reddigari  et  al„  1986).  A variety  of  lectins  bind  to  the  soluble  body  wall 
proteins  of  infective  Me/oitAigyne  juveniles  (Davis  and  Kaplan,  1992). 

Ucloldofyne  iKogniia  race  3 J2  surlace  proteins  released  by  urea.  CHES  and 
diihiolhreiiol  extraction  buffer  were  probed  with  P.  penetrans  spore  coal  extract  and 
visualized  by  and-Pesreurie  MAb  2A4ID10,  The  results  revealed  several  molecular 
weight  species  as  cuticle  receptors.  Polypeptides  of  nppmxiroale  M,  34,  4S  and  53  kDa 
resolved  as  strong  and  distinct  bands.  The  antigenic  ladder  included  several  fainter  bands 
and  fell  within  n range  of  between  appioxiotately  25  kDa  and  60  kDa.  MAb  2A41D10 

Davies  (1994)  described  a putative  cuticle  receptor  having  a M,^190  kDa. 
However  tbc  polyclonal  antibody  lo  P.  penetrant  used  In  ibe  study  cross-reacted  with 
other  epitopes  in  the  cuticle  extract  (Davies,  1994).  In  a recem  study,  antibodies  lo  human 
libroneciin  were  shown  to  bind  a series  of  polypeptides  of  M,  40, 45  and  55  kDa  present 
in  cuticle  extracts  of  Ad  jawniea  J2.  Pre-incubtuion  ofPosreurlasporeswith  the  heparin- 


and  gelaUn-blnding 


domains  of  human  nbioneclin  inhibited  attaduDeai  to  host  cuticle, 
thus  si^gealing  a possibie  chemistry  for  attachment  (Mohan  el  aJ..  2CKII).  We  found  that 
bovine  gelatin  reduced  recognition  of  cuticle  by  spore  extract  In  ELISA  by  16^.  Mohan 
el  al.,  (2001)  repotted  a reduction  in  snaelunenl  of  20%  when  J2  were  pre-treated  with 
1%  gelatin,  which  was  consistent  wiUi  our  fmdings  (Mohan  et  aJ..  2001).  However,  pre- 
incubslioB  in  skim  milk  also  reduced  recogmtion  by  23%.  The  peptides  on  the  nematode 
cuticle  that  bound  human  aDd-Rbronectin  antibodies  are  intereatingly  the  same  relative 
size  to  those  hound  by  P.  penetrans  UDC  extract  in  Far  Western  biota  in  this  study.  This 
suggests  that  a passible  Rbioneelin-like  lectin  is  recognized  by  P.  penetrans  spore  coat 
peptides  and  these  adhesios  coniaia  aa  epitope  recognized  by  MAb2A4IDI0. 

Unfominalely.  attempts  to  N-lerminal  sequence  the  cuticle  receptors  fbr  evidence 
of  a Rbioncctin  like  motif  or  sequence  homology  were  unsuccessful.  Indicalions  are  that 
the  N'termiru  of  the  polypeptides  were  blocked,  thus  preventir^  Edman  degradation. 
Edman  degradation  requites  a free  amine  gtoup  on  the  N-letminus  of  the  peptide  where 
phenylisolhiocynale  (PITC)  reacts  under  mildly  alkaline  conditions  to  form  a 
phenylihiocBibamyi  adduct.  Subsequem  ireaunent  with  a 9rong  acid  (trifluoroncetic  acid) 
hydrolyzes  the  C>K  bond  between  the  Rrsl  and  second  amino  acid  leaving  a second 
amino  acid  free  as  an  HrK'  and  the  N-terminal  residue  ss  a Ihiazolinone  derivalive.  This 
derivative  is  extracted  into  an  organic  solvent  and  stabilized  in  mild  acid  and  analyzed  by 
comparison  with  known  standards.  If  the  N-termlnal  amine  is  blocked,  then 
derivntization  and  Edman  degradation  cannot  proceed.  FPLC  chromatographs  and  silver 
stained  gels  ofUDC  extracted  nematode  surface  coal  indicate  that  the  putative  receptor  is 
present  in  very  low  quantity.  Trypsin  digestion  In  create  free  internal  amino  groups  was 


omprised 


panion  of  the  lolal  enracl.  ii  wl 
unde^  analysis. 


N'tarmlnal  sequence  homology  for  MAb  2A41DI0  spore  envelope  epitopes 

Paaturla  ^re  coal  adhesins  demonstialed  closest  sequence  homology  lo 
eukaiyotjc  MHC  Class ! proteins  notably  belonging  to  CoenorbaWirit  eligmi.  Major 
histoeompatsbility  complea  (MHC)  class  I belong  lo  the  Ig  supetfamily  of  proleins  and 
arc  present  on  the  surface  of  viitualiy  all  mictealed  celts.  They  are  polymorphic 
tmnsmembmne  glycoproteiiis  dial  function  as  leceptois  that  presem  foreign  antigen  lo 
cylottaic  T cells  ibr  destruction  (BJotkmao  el  at..  1 987).  Ig  binding  of  peoleins  displayed 
on  the  surface  of  Gram'positive  bacteria  is  widely  known.  Stajdiylococcal  pioieio  A and 
Streptococcal  Fc  receptors  bind  Ig  molecules  but  show  little  structural  similarity  between 
them  (Navarre  and  Schneewind.  1999).  £.  colt  produce  fibrous  surface  proteins  called 
curlt  that  Innd  flbroiwctin  and  other  matrix  proteins  and  also  inleiaci  with  MHC  Class  I 
molecules  (Olsen  et  al..  1998).  The  binding  site  for  fibroneclio  is  thought  to  panially 
overlap  or  be  in  close  piotiimity  lo  the  MHC  binding  site  on  curli  protains  (Olsen  el  al.. 
1998). 

Precedence  for  hbtoneciin'Nnding  proteins  as  an  tolegral  component  of  virulence 
is  well  documented  for  a number  of  bacterial  pathogena  including  many  Omm-positive 
bacteria  (Navarre  and  Schneewind.  1999).  These  include  Sfreptococcal  pyogenes  (Ml 
proteinXCue  el  al.,  2001),  Stgthylocaccus  caprae  (AIHgnct  el  al.,  2001),  Listeria 


omxyiogews  (Gilot  et  al..  1 999).  and  Afycobacierio 


viiotr  (Secotletal.,20011.  Many 


Orem-pojilive  bacteria  do  not  express  structures  such  as  pUi.  but  utilize  cell  wall 
anchored  surface  proteins  to  adhere  to  extracellular  matrices  (Navarre  and  Schneewiod. 
1999).  These  proteins  called  microbial  surface  coniporenis  recognlrfng  ssihesive  matrix 
molecules,  or  MSCRAMMs  l»od  u>  a variety  of  serum  proteins  including  fibronectin  (dob 
et  al..  1998:  Navarre  and  Schiieewind,  1999). 

We  have  shown,  that  the  peptide(s)  involved  in  adhereoce  and  virulence  in 
Paalarla  are  MHC  Class  I like  themselves,  veisus  being  receptors  for  MHC  or  other 
common  cellular  matrix  molecules  as  described  fora  variety  of  other  bacterial  pathogens. 
One  can  merely  speculate  based  on  the  luck  of  precedence  for  this  interaction  as  to  the 
origin  of  these  gene  products.  The  obligate  nature  of  the  interaction  between  the  bacteria 
and  its  host  and  the  observance  of  more  than  100  genera  of  phyurpatbogenic  nemauxles 
having  been  described  as  having  a Pmieuria  pathogen  suggests  on  ancient  and  highly 
intepaled  evolutionary  development  between  the  two  o^anisms.  Two  potential  theories 
emerge.  Ooe  possibility  is  that  owing  to  its  growth  and  development  wiOiin  the  living 
host,  the  bacteria  acquires  the  immune  machinery  ftom  the  nematode  and  incorporates  it 
onto  itself  as  irteans  to  rtot  only  reside  within  the  host  but  to  have  a template  for  future 
recognition.  Another,  and  perhaps  more  likely  scenario  allows  that  as  (he  result  of  a long 

gene  transfer.  By  displaying  these  gene  products  as  means  of  recognitioo  aBachmem  the 
twcteris  might  avoid  eliciting  a deleterious  host  immune  response  and  possibly  signal 
some  type  of  favorable  response  needed  for  entry  and  subsequent  germination.  Some 
puhogens  rely  on  the  acrion  of  the  host  immune  response  to  successfully  infect  but 
without  biowledgeoflhe  mechanisms  by  which  Pasleurta  spp.  gain  entry  into  artd  reside 


ely  ipeculaK.  It  \w3uld  appeal  that  Pasieurio 


iisefU  purpose  to  the  nematode  but  this  might  not  have  been  the  case  early  in 
evolulionary  (ustory.  It  is  passible  that  Pasieuria  initially  emerged  ns  a symbiont, 
providing  some  advant^e  to  the  nematode,  and  was  able  to  procure  these  genes  only 
later  to  emerge  as  a pathogen.  These  questions  will  likely  remain  unanswered  until  the 
Pamuria  genome  is  sequenced.  The  finding  of  putative  Eukaryotic  genes  of  iounune 
system  origin  displayed  on  the  spore  coat  of  a bacterial  pathogen  as  a component  of 
adhesion  and  virulence  is  a novel  finding  and  requires  further  exploration. 


CHAPTER  4 

DETECTION  OF  FASTEUIUA  PENCTIUNS  P20  INFECTED  MELOIDOGYf/E 
ARENAFIA  RACE  1 BY  POLYMERASE  CHAIN  REACTION  (PCR) 


An  enzyme-linked  immunosortanl  assay  (ELISA)  using  an  m6-Pasreiuia 
monoclonal  antibody  (MAb  2A4IDI0)  has  been  demonstrated  for  detection  of  Pasleuria 

with  other  Gtejn-posilive  spore-forming  organisms,  undergoes  vegetative  propagation 
and  growth  prior  to  tgxmilarion.  In  the  intectioo  process,  soil-laden  Pasitaia  spores 
attach  to  the  cuticle  of  an  infective  juvenile  Mehidofyne  (J2)  as  it  migrates  thnnigb  the 
soil.  Soon  aAer  ibe  J2  enlers  a host  plant  and  begins  feeding,  individual  Pasleuria 
endospores.  by  as  yet  an  unknown  process,  germinate  and  release  a germ-tube  or 
haustorium  which  penetrates  the  cuticle.  Vegetative  growth  is  characterized  by 
develt^mu  of  thalli  or  mycelial-type  microcolonies  wiibio  the  pseudocoelom  of  the 
host.  Colonization  of  the  haemolymph  or  pseudocoelomic  tlirid  is  extensive  (Starr  and 
Sayre,  I9B8).  The  onset  of  sponilalion  piovides  lor  morphological  changes  including  the 
formation  of  tetrad  followed  by  died  branched  structures.  Septa  form  at  the  apex  of  the 


endospore  (Chen  el  al- 


ii. 1996;  Starr  and  Sayre.  1988).  The 


• product  of  spondation  (Brito  el  al.,  1998;  Brito  et  al..  1999)  and  conauiuies  a moiety 
associated  willi  spore  envelope  as  a component  of  virulence  (Chamecki,  1997;  Chameclu 
etal..  1998). 

Since  MAb  2A41DI0  iteognizcs  an  epitope  Ihai  arises  as  a product  of 
sponilalion,  it  cannot  be  used  to  delect  vegcialive  and  developing  cdla.  thus  reducing  the 
capacity  of  Ibe  antibody-based  method  for  quanlilication  of  Posleurla  in  vhv. 
Additioiially.  Pasieurla  spp.  have  a finite  but  u yet  incompletely  defined  boat 
preferences  and  several  different  species  and  biotypes  have  been  reported  associated  with 
different  plant  parasitic  nematodes.  Quantification  of  P.  pentirans  eolospores  in  soil  by 
immunoassay  ntmely  suggests  tbc  potential  for  nematode  suppression  but  in  Hself  is  not 
indicative  of  host  inlection.  The  only  sure  evidence  of  infixtion  is  by  detection  of 
Pasteuia  in  nematode  cadavers. 

An  obvious  complement  to  immunodeiecdon  is  a nucleic  acid-based  system  for 
detection  using  PCR.  This  approach  has  inhcteni  advanl^cs  and  disadvantages,  not 
withslandiiig  dial  undl  recently  the  Only  known  gene  sequence  for  Paataria  was  for  the 
16s  ritNA  gene.  Pasieurla  penetrara  spores  were  found  to  be  quite  recalcitrant  to  DNA 
extraction,  with  only  1 to  1098  was  released  following  treaunenl  using  n variety  of 
chemical  and  physical  methods.  This  discouraged  dcveloporenl  of  a PCR  approach  for 
detccdon  of  Paaeuria  in  soil.  However,  vegetadve  and  pre-tqxtiulaled  cells  present 
within  the  nematode  boat  provide  an  available  source  of  DNA,  which  can  be  readily 

Three  gene  specific  oligomer  pairs  developed  from  Paaeuria  pemtrans  P20 
genes  recently  sequenced  in  this  lob.  ipollAB.  sigE  and  alpF.  were  used  with  real-time 


PCR  10  amplily  Pasiearia  DNA  in  pre-sporulued  cells  obuined  from  infected 
Meloidogy’K  urinaria  net  1.  Fluorescsnl  in  .titn  hybriduatioD  (FISH)  using  a sijf  gene 
probe  shows  hybridbouion  of  this  sequence  to  P.  pemlrans  cells  in  various  stages  of 
development.  A robust  nucleic  acid  based  approach  using  Paiiearia  specific  piitneis  and 
ccol-tune  PCR  is  presented  which  is  shown  to  distinguish  infected  venus  un-infected 


MaleruU  and  Melhads 


MeloUagyiu  arrnarla  eollivKiOD  for  Pasauria  penetrans  vegetatne  DNA  producttun 
Pasleuria  penetrans  isolsle  P-20  (OoEtendorp  ei  al.,  199])  originalcd  from  U. 
arenarla  (Neal)  Chitvwjod  lacel.  from  Levy  County.  FI.,  was  grown  on  tomato 
{Lycoperslcon  esculenlum  Mill.  cv.  Rulgeis)  in  greenhouses.  P-20  spores  were  arui^ied 
to  the  cuticles  of  I to  5 day-old  Meloido^ne  J2  via  centrifugatloo  at  1000  for  S min 
(Chen  et  ai.,  1996).  Infected  J2  were  traDsfeired  via  pipet  to  stcam-pasieurieed  soil  in  6 
inch  clay  pots  containing  Rutgers  tomiilo.  Each  plant  was  inoculated  with  ^roxiniaiely 
10.000  infected  Meloldsgyne  J2  in  approximately  IS  ml  of  dHjO  by  adding  the 
suspension  to  the  topsoil  using  a bulb  pipel.  The  plants  were  cultivated  In  an 
cuvlronmentaily  controlled  growth  room  and  exposed  to  16  hours  ofllght  and  0 hoius  of 
daih  and  an  average  temperature  of  approximately  26  1C.  Root  systems  were  observed 
for  the  presence  of  gall  formation  and  at  14  days  the  plants  were  harvested.  Roots  were 
harvested  and  wushed  free  of  debris  nod  placed  in  1,800  ml  beaker  containing  10% 
pectitiase  (Ponullq;  Cist-Brocades),  SO  mM  NaAc,  0.1%  CaClr  at  approximately  a 50:50 
(vnr)  ratio.  The  toots  were  digested  for  I day  on  an  oibItaJ  shaker  table  (100  RPM)  to 
free  spore-filled  female  Metoldogyne  Oom  the  root  material.  Females  were  collected  by 

spmy.  Spore-filled  females,  identified  by  a transluceot  cuticle,  were  hand-picked  by  pipet 
with  the  aid  of  a dissectiog  microseope. 


I AfftoWojj'n 


iikiryolic  DNA 


Approximaidy  300  Pasieurla  pemiram  P20  infeclud  14  day-old  Metouhgymf 
arenariu  females  were  wasKcd  in  dH:0  and  suspended  in  I ml  of  10  mM  Tris-HCl  pH 
8.0  conloining  150  mM  NaCI  (T-NaCI).  The  su^ension  was  iransferred  to  a sterile  glass 
mortar  and  disrupted  by  gemlc  grir>dmg.  The  sample  was  ceittrifuged  at  10,000  g for  5 
min  artd  the  pellet  was  re-suspended  in  T-NoCI  containing  5 mM  MgCl^.  To  this  was 
added  50  pi  of  DNase  (Ptomega)  and  50  pi  of  RNa.se  iQiageti)  and  the  sample  was 
incubated  at  37  °C  for  40  min.  Following  ccnlrifiigalion  at  10.000  g for  5 min  the  pellet 
was  re-suspended  in  T-NnCI  containing  10  mM  EDTA  (TNE).  cenuihigcd  ^nin,  and  re- 
suspended in  cold  TNE  and  stored  at  -20 

Pasreurio  ptnemais  DNA  eitnclion 

The  DNase  and  RNase  pre-treated  cell  preparation  was  re-suspended  in  42.5  pi  of 
TNE  pH  8.0  and  to  this  was  added  10.0  pi  of  100  mg/ml  lysozyme.  The  sample  was 
incubated  for  2 bouts  at  37  °C  with  intcrmitlenl  vortexing.  Cell  btealrage  was  performed 
by  subjecting  the  sample  to  three  cycles  of  freezing  and  thawing  using  dry  ice  in  ethanol 
followed  by  immersion  In  a 65  °C  water  bath.  DNA  was  extracted  using  a QlAamp  DNA 
Stool  Mini  Kit  (Qiogen:  Cat.  no.  5 1504)  and  purilicd  on  a silica  gel  mini-spin  column. 

Crude  DNA  extraction  of  infected  Meloidogyae  within  root  galls 

Trsmoto  (Lycopfrsicon  fs^uleruum  Mill.  cv.  Rutgers)  root  systems  containing  14 


harvesRd  and  rinsed  free  of  debris  by  hard  waler  spray.  Individual  root  galls  (25  lo30) 
were  excised  (rum  die  mol-sysicrn  ar>d  ground  in  a glass  mortar  and  pestle.  The  sample 
was  transfetred  to  a 1 .5  ml  microfuge  tube  and  eentrifiiged  brielly  to  sepaiaie  la^er 
pieces  of  material.  Fhe  supemate  was  Uansfeired  to  a fresh  tube  and  D\A  extraction  was 
perfomied  as  described  previously  using  a QlAamp  DNA  Stool  Mini  Kit  (Qiagcn;  CaL 
no.  SISIM).  Additionally,  DNA  was  extracted  using  the  Ultraclean  Soil  DNA  hit  (MO 
BIO  Uboiatories.  Inc;  Cat.  no.  I2SOO-SO).  Cell  breakage  wa.s  attained  by  boiling  for  5 
min  at  95  *C  followed  by  bead  beating  for  1 min  using  a dental  amaigamator. 

Real-time  PCR 

DNA  was  amplified  in  a SO  pi  PCR  reaction  mixture  coniaiaittg  D.4  pi 
Amplilsg~  DNA  polymerase.  5.0  pi  oflOx  Syber  green.  4.0  pi  of  12.5x  MgCI;(Sybi® 
Green  PCR  Core  reagents  PE  Biosyslems),  5 pi  of  lOx  dNTPs  (Boehringer  Mannheim. 
GmbH.,  Germany),  5.0  pi  of  DNA  template,  and  a primer  concentmtion  of  5 pM.  PCR 
was  perfotmed  in  a BIO-RAD  iCycler  iQ™  (Bio-Rad).  Product  foimsiion  was  delected 
by  the  Syber  green  nuorophore  (Life  technologies  Inc.)  under  the  following  ihcimal 
conditions;  SO  cycles  starting  with  a hot  start  then  hold  30  s at  95  °C,  annealing  at  55  °C 
lor  30  s.  extending  at  72  % for  40  s and  bold  1 min  at  95  °C.  Primer  polls  used  for  P. 
penciroru  were  srg&-F.  5--CCACGTATGCTTCGAGATGTA;  xlgE-K.  5- 
CCCCCCTCCCAAACCAAAAC;  spoIMB-F.  S’-TCOTGTTTCTCrOGAOAT; 
spv/lAB-fi.  S’-COCAACOOCTACATTCCT;  and  orpAF,  5’- 
OGTGTCOAAAATGATOOA;  aipP-K  S'-CAACCTCCGACTTAGCAG.  Other  primer 
pairs  used  included  Meloidofym  artnaria  specific  rRNA  primere,  rRNA-F.  5’- 


COGCTTCTGACOTGCAAATCGA:  rRNA-R.  S'-TCCCACATCGCCAGTTCTGCT 
snd  Lycapersican  esculenlim  specific  rRNA  primers  rRNA-F.  5'- 
GCAOCAOGCOCOCAAATTACC;  rRNA-R.  5’-CCGATCCCGAAGGCCAACQTA 
and  a rRNA  combination  primer  to  ampliry  Meloldogyne  annaria  and  Lycopersicon 
acuicnitim-.  tRNA-F,  5’-OCCGCGGTAATTCCAOCTCTOC  and  rRNA-R,  5’- 
CGGOCCGGGTGAGTTTCC.  PCR  products  were  detected  by  electrophoresis  using  a 
1%  agarose  gel  and  stained  in  0.  IK  elhidium  bromide. 

Fluorescence  io-situ  bybridiulioD  <FISH) 

Meloldogyne  arenaria  mce  I caduvers  coolainiDg  Fasleuria  penelrans  P20  in 
early  stages  of  development  were  removed  from  - 70  ”C  storage.  Approximately  75 
fentales  were  crushed  using  a plastic  mortar  and  pestle  and  token  through  a woven 
polyester  22  pm  opening  filler  (Speclra/Mesh)  in  a 13  nun  Swinnex  disc  filter  (MiUipore) 
to  remove  cuticle  debris.  The  cells  were  wnshed  in  50  K elhanol  in  sterile  nanopure  water 
and  placed  on  ice  in  50  % ethanol  for  2 hours.  Cover  slips  (12  mm.  Hi  thickness)  were 

cell  mounting  by  adding  a solution  of  IK  Aician  blue  in  water  and  healing  to  almost 
boiling  and  incubating  for  1 0 min  in  the  heated  water.  The  dye  solution  was  poured  off 

color-  Cells  were  applied  to  cover  slips  and  dried  on  a slide  warmer  for  5 min  at  45  “C. 
The  cells  were  dehydrated  in  a scries  of  ethanol  treatments  consisting  of  80%  ethanol  for 
5 rain  followed  by  96%  ethanol  for  5 min  (Meier  ct  al„  1999).  Slides  ware  air  dried  for 


prepare  in  lOOmM  Tris-HCI  pH  8.0 1 


I EDTA  and  added  i 


100  pi  10  the  cover  slips  and  incubolcd  in  a moist  chamber  at  37  X for  40  min.  The  cover 
slips  were  rinsed  with  dHjO  and  3 pj  of  a 37.2  ng/id  S'  fluorescein  conjugated  DNA 
probe  corresponding  to  a segment  of  the  Pasuuria  perKlraxs  P20  SIgE  gene.  F- 
CCCCCCTCCCAAACCAAAAC.  wib  added  to  20  pi  of  hybridization  buffer  (20  mm 
Tris-HCI  pH  IX  0.9  M NaCI,  O.OIH  SDS.  and  20H  formamidc)  and  applied  to  the  cover 
slip.  Hybridization  was  performed  at  46  °C  for  I.S  hours  in  a moist  chamber.  At  12S 
hours  80  pi  Ufa  1:1000  dilution  of  DAPI  stain  was  applied.  The  cover  slip  was  washed  in 
I J ml  of  dHjO  and  air  dried  prior  to  mounting  in  Gel/Mounl™  (Biomedia)  (Amann  cl 
al..  1993)  (Berciilold  el  al..  1999).  Prepamiions  were  slomd  io  the  dark  and  visualized 
with  a Nikon  epifluotescenl  microscope  fined  with  a Epiacopic  fluorescence  aiiachmeni 
that  housed  a 493  nm  eaciuillon  filler  under  40X  nuorescenl.  or  lOOX  DIC  objeclives 


Rul-tine  PCR  of  pniraihd  iorecicd  MdoUogyite  artnaria  race  I 

Real'time  PCR  vuas  performed  on  Pasituria  infecled  14  day-old  M artnaria  race 
I females  Ibol  were  Isolated  (rom  tomolo  rooi  tissue,  ground  and  prc-lrealed  with  RNase 
and  DNase  to  digest  exogenous  eukaroyotic  DNA  of  nematode  and  plant  origin.  The 
following  suspension  was  digested  in  lysocyitie  and  followed  by  DNA  exuaciion  using 
the  QlAan^t  DNA  Stool  Mini  Kit  (Qiagen).  This  DNA  preparation  was  amplified  by  real- 
time PCR  umng  Aureirrur  ^reeilic  aipF,  sigE and  .\polUB  primers.  Product  formation  as 
evidenced  by  the  Syber'*  green  fluomphore  Indicated  that  the  three  primers  amplified 
DNA  at  cycle  thresholds  of  2S.  2d.  and  28.  respectively.  Agarose  gel  electrophoresis 
showed  PCR  products  consisted  of  one  bond  of  the  predicted  size  for  all  three  primera 
(Figure  37). 


Root  galls  excised  from  tomato  plants  (25  to  30  gaUs)  coalaining  14  day-old  P. 
penetroju  infected  Af.  artnaria  race  I were  treated  for  DNA  extracdon  using  QIAamp 
DNA  Stool  Mini  Kit  (Qiagen)  and  the  Ultraclcan  Soil  DNA  kit  (MO  BIO  Laboratories. 
ItK).  The  crude  DNA  preparation  was  amplified  by  real-time  PCR  using  Pasievria 
specific  aipF,  sigE  and  spoflAB  primers.  Product  formation  was  observed  using  the 
Syber^  green  490  fluorophore  which  indicated  that  all  primets  amplified  the  remplaie 
DNA  (dato  not  shown).  Agarose  gel  electrophoresis  of  the  PCR  products  demonstrated 
that  amptified  template  DNA  produced  a single  bond  of  appropriate  size  for  the  three 


primer  pairs  {Figure  38).  Templole  DNA  acquired  using  ihe  QIAamp  stool  Mini  Kit  is 
shown  U>  provide  a greater  amount  of  FCR  product  than  the  Ultraclcan  Soli  DNA  iul 
based  on  cycle  thre^old  values  and  band  strength  on  Ihe  gel.  but  sample  loss  during 
processing  likely  comribuled  in  large  pari  to  this  result. 

Real-time  PCR  was  performed  on  a crude  DNA  preparation  of  excised  root  galls 
(30  to  33  galls)  conuining  uninfected  fcmBlc  Af.  annorla  race  I using  Paslevria  primers 
alpF,  sIgE  and  spoIlAB  to  determine  if  these  primers  were  specific  to  Pasteuria  and 
capable  of  differentiating  infected  verses  uninfected  Mfloidogyne  in  crude  DNA  extracts. 
The  results  indicated  that  no  products  were  formed  form  the  uninfected  DNA  control 
template  and  these  primers  appear  strictly  compliroenlary  to  Pasieiiria  DNA  (Figures  39 
and  40).  Tomato  [Lycopersican)  and  Melotdogync  primers  were  applied  to  the  template 
to  validate  Ihe  experimental  conditions.  Amplification  of  Mtioidogyru  arenaria  rRNA 
and  Lycopenkon  sp.  rRNA  using  specics-specific  primcis  is  shown  in  Figure  40. 

nuoi^seence  Ai  sUu  hybridizition  (FfSH) 

Differential  contrast  microscopy  (OIC)  of  mmerial  obtained  from  the  body  cavity 
of  infected  Mtloidogyne  female  cadavers  that  was  used  for  PCR  experiments,  shows 

microcolony,  as  well  as  tetrads,  diods  and  early  stngc  endospores.  These  cells  where  fixed 
and  used  fur  fluotescent  in-sini  hybridizadon  (FISH)  usbg  a flaocescem-conjugaledslgf 
gene  sequence,  F-CCCCCCTCCCAAACCAAAAC  as  a probe.  The  results  of  in  siru 
hybridbaion  revealed  the  sigE  probe  bound  strongly  to  P.  penetrans  (Figure  42a).  Probe 
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Figure  39;  Reai*time  PCR  chromfliogram  of  Syber*"  green  490  fluorophore  in  respc 
to  product  formniion  tiom  DNA  template  obtained  by  extraction  on  toot  galls  contaii 
non-infected  U.  arenaria  race  1.  Primers  used  front  left  to  right  (lovier  to  hi| 
thre^old  cycle);  Lf'capenlcon  sp.  rRNA;  \Muklng>fK  cr-ertartd  rRNA;  Lympersic 
and  U.  arenaria  rRNA;  P.  penelram  aipF:  P pemmaa:  spoUAB-,  P penaram  sigE. 
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Figure  3C:  Agarose  gel  electrophoresis  of  PCR  products  from  DNA  exlroctcd  £rom 
groiuid  tomato  plant  root  galls  containing  P.  pfvrrans  P2Q  infected  Meloidogyne 
artnarla  race  I and  amplified  using  P.  peneirans  specific  slg£,  <apF,  and  spallAB 
primers.  DNA  was  extncied  using  the  Ultraclean  Soil  DNA  kit  (MO  BIO  Laboratories, 
Inc)  (Lanes  3-6)  and  the  QIAamp  DNA  Stool  Mini  ICil  (Qiagen)  (Lanes  7-10).  Lane  I, 
100  to  marker,  Lanes  2 and  6,  pre-lrealed  DNA  used  as  a control  sind  amplified  using  the 
P.  ptnetrans  sIgE  primer  pair.  Lanes  3 and  7,  P.  penefrora  sIgE  primer  pair.  Lanes  4 and 
8,  P.  penetrans  spoflAB  primer  pair;  Laoes  5 and  9 P.  penetrans  atpF  primer  pair;  Lanes 
6 and  10,3k  template  DNA  using  F. /wnetraiu  .s/g£  primer  pair. 
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Figure  40:  Agarose  gel  electrophoresis  of  PCR  products  of  DNA  extracted  from  ground 
toffisiD  plan  galls  conuinicig  non-Faireuna  infected  (uninfected)  Meloutosne  arenaia 
race  I using  Mehidogyne  rRNA  Lycopersicon  rftNA  and  P.  ptnetrans  speciflc  slgE, 
aipF,  uii  spolIAB  jnimm.  Lanes  1.4und  g.  lOOkbmsricer;  Lane  2,  P.  ptneirms  slgE 
primer  pair.  Lane  3,  F.  peiulrans  spoIUB  primer  pair.  Lane  4./’.  peneirans  alpF  pnma 
pain  Lane  6.  M.  arrnaria  rRNA  primer  pain  Lane  7,  Lyeopersicon  rRNA  primer  pain 
Lane  8.  combination  M.  arenarla  and  Lycopersieon  rRNA  primer  pair. 


concemrslion  vias  highest  as  expected  in  the  early  vegetative  stages  of  cellular 

distitKl  illumination  of  the  mycelial  microcolony  (Figure  42b).  The  probe  is  also 
observed  hybridizing  to  DNA  in  early  stages  of  endoapore  development  vrhere  it  localizes 

Phylogciiy  and  the  sigE  gene 

tool  soDware  of  ExPASy  (http:f/us.expasy.org).  o^  sequences  obtained  Ihim  the  SW1SS- 
PDOT  and  TrEMBL  database  (Baiioch  and  Apweiler,  2000)  were  aligned  and  analyzed 
using  CluslalX.  and  Treeview  softwiire.  Phylogenetic  bootstnip  analysis  placed 
Paslnrla  penetrans  in  a clade  with  Baclllia  halodurans  and  B.  sMIlis  and  Closliiaum 
petfilngens  (Figure  43).  P.  penetrans  displayed  the  greatest  sequence  homology  to 
Bacillus  halodurans  with  an  80.2  percent  identity  follnwed  by  P.  subtiiUs  with  78J 

using  Peptool  (Bimools  soOware)  (Figure  44). 


Figun  41:  DifTerenlial  mlerferenoe  ccntrast  (DIC)  micrograph  (lOOOX)  of  ihe 
pseudocoeiomic  cooieots  of  Meloidogyne  arenaria  race  1 cadavers  used  for  obuunixig 
Pasteuria  penetrans  DNA.  The  microgruph  reveals  lire  preseoce  of  P,  penetrans  io 

tetrad;  3,diad;  and  4.earl>*stage  eodosporee 


Figure  42:  Epiduoresceoi  micrograph  of  fluorescence  in-Ktu  hybridiialion  (KISH)  »ilh 


KOP, 


Figure  43:  Boolelrap  analysis  using  CIusioIX  and  Treeview  software  of  <r^  amino  acid 
sequences  showing  the  position  of  P.  pcrwirans  P30  within  a clode  coiilaining  Bacillus 
spp.  and  Ctoslridlum  sp_ 


Figure  44:  Amino  acid  sequence  alignmrai  of  using  Peplools  sofnare  (Bicplools) 
sho'vbg  consensus  identity  (A);  and  matrix  percent  identity  (B)  off.  penelran?  with 
Bacitlwi  and  Closirictium  spp- 
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deuclioa  oSP.  ptitOnms  P20  InfMlum  in  MtloiA/gyat  ip. 

Three  Pasleurta  penelraiu  genes.  slg£,  alpF  nnd  spolUB  were  recently  obtained 
using  a tcchnltpic  employing  specific  Baiillus  ^ubrlllis  erfmers  {alpF)  and  B.  aubtiUis 
degenerate  primers  (sigE  and  spollAB)  for  amplification  and  subsequent  cloning  of 
Pasuurla  genomic  DNA.  PCR  primers  were  developed  from  these  sequences  that 
successfully  detected  the  bacterium  within  the  Metoidogpne  host  at  early  stages  of 
infection.  These  priuicre  were  analyzed  by  real-time  PCR  on  DNA  template  obtained 
from  RNase  and  DNase  treated  Meloidogym  isolnted  from  root  tissue  as  well  as  DNA 
obtained  as  a crude  preparation  from  ground  root  galls  containing  infected  Af  artnaria 
race  1 io  early  stages  of  infection.  Regardless  of  DNA  source  all  three  primers  amplified 
template  DNA  to  produce  a single  product  of  the  predicted  size.  Crude  DNA  extracts  of 
root  galls  containing  Ptzrreuria-free  (uninfected)  Metotdogyrv  arenarki  race  1 were  net 

cao  be  used  in  a rapid  assay  of  crude  DNA  extract  to  difTerenljaie  infected  from 
uninfected  MtloiBogyw  residing  within  root  systems. 

Meloidog}7K  continues  throughout  the  active  growing  season.  As  roots  elongate  the  dp 
exposes  renewed  areas  for  pertetretion  by  infective  juvenile  nematodes.  When  one  views 
a root  extenrion,  the  galls  which  are  present  fiuthest  liom  the  tip  represent  older  infection 
sites  containing  more  mature  females  compared  to  galls  closer  to  the  lip.  thus 
represeming  in  effect  an  infection  continuum.  Therefore,  it  would  be  advantageous  to 


f/0  delccUon  by  PCR. 


select  galls  neater  the  root  lip  when  selecting  samples  for  Pasieur 
This  appmach  would  increase  the  likelihood  of  ubiainmg  hosts  lhal  comoin  early  stage 
bacterial  development  (if  pcesenl)  which  is  more  amenable  to  DNA  ealraction,  and  thus 
detection  by  PCR. 

A fluoresceiDHmnjugated  probe  homologous  to  one  of  the  sigE  primer 
pairs  succesfully  bybridized  to  permeabilized  Pasieuria  cells  in  various  stages  of  pre- 
endospore  development.  This  result  demonstrated  that  the  stgE  primer  was 
complimentary  to  Pasieuria  DNA  and  thus  PCR  was  amplilying  a nucleic  acid  sequence 


The  sigE  gene 

The  process  of  sporuladon  in  Baetllus  suhtilHs  is  a highly  orchestrated  and 
complicated  pmcess  involving  some  IZd  genes  (Stagier  and  Losick.  1996).  An  important 
feature  is  the  sequential  activation  of  a variety  of  o subunits  of  RNA  polymerase  which 
direct  Iransctiplion  of  genes  whose  products  drive  Ifae  cell  through  morphological 
transitions  resulting  in  the  ultimate  formation  of  an  endo^re  (Kroos  ct  ol.,  1999). 
Following  replication  and  condensation  of  DNA  to  each  of  the  two  cell  poles,  sporulallon 
of  Bacillus  suiiillis  involves  the  foimation  of  a polar  septum,  which  divides  the  mother 
cell  Irom  the  developing  endospore.  The  sigma  E iransenplion  factor  encoded  by  the 

mother  cell  (Pujiln  and  Losick.  2002).  In  is  produced  initially  as  an  inactive  proprotcin 
(pro-sigma  E)  and  is  pmleolytically  cleaved  inlo  an  active  form  by  a .r/w/fCd-mcdiaied 


pfocesung  cvcpt  (Arcuri  « ul.,  2000).  Sigma  E aciivicy  is  confiiied  to  the  mother  cell 
wheie  it  directs  imnscripUon  of  seveml  genes  including  spollID  (Axcuri  el  al.,  2000). 

Evidence  suggests  that  regulatory  processes  in  the  sporulaiion  pathways  of 
Bacillus  app.  and  Clostruliim  spp.  are  conserved  (Arctui  et  al..  2000).  The  P.  ptnemms 
sequciicc  showed  a hi^  degree  of  homology  and  aligned  in  clade  with  Bacillus 
Baloduram.  B-  subUHis  and  ClosirbUum  perfim/tem.  The  data  suggests  a commmt  origin 

diversity  in  the  sequence  nf  sigE  is  greater  then  for  the  I6S  rDNA  gene  for  the  same 
group  of  organisms,  ailowing  for  ihe  potential  to  develop  a probe  that  will  discriminale  P. 


CHAPTERS 

CONCLUSIONS 

Piateufia  penetrans  holds  a myriad  of  challenges  for  study  and  development  as  a 

bacterium  irt  vttro  has  Umilcd  the  anauunertl  of  significnnl  quantities  of  pure  sample 
material  with  which  to  study  and  has  prohibited  classical  bacteriological  studies, 
particularly  with  regard  to  genetic  analyris.  As  a pararite  of  a parasite  (hyperpesarite).  its 
propagation  relics  on  successful  bifeclion  of  two  hosts  and  its  sequestration  there  front. 
But  despite  Pasiewias  unique,  and  what  might  be  considered  a clandestine  niche,  inroads 
arc  being  made  in  understanding  its  role  in  the  ecology  of  plant  parasitic  nematodes. 

This  body  of  work  presents  a novel  extraction  procedure  to  liberate 
bacterial  endospoie  ojuigen  in  complex  mnirices  and  the  development  of  a specillc 
immunological  pmbe,  monoclonal  antibody  (MAb)  2AdlDI0,  to  detect  and  quantify 
virulent  Paiieuria  penetrans  endo^rcs  in  the  environment  N-terminai  amino  acid 
sequences  were  obtained  for  peptides  bearing  the  epitope  recognized  by  the  monoelonaJ 
antibody.  The  spore  envelope  epitope  recognized  by  MAb  2A41OI0  was  shown  to  bind 
to  the  host  which  allowed  for  partial  elucidation  of  cuticle  receptors  on  the  ircmatode 

un-infecled  oremirifl  race  I in plon/o  in  eariy  stages  of  utftclion. 


nuno.dctcction  system  for  F. 


peiKiram  tni  defining  the  nature  of  the  epitope  recognized  by  MAb  1A41DI0.  in  order 

Pasmria  and  whether  or  not  it  detected  an  epitope  involved  in  vinilenee.  The 
monoelomil  antibody  was  shown  to  be  specific  for  Paneurla  sp.  It  did  not  recognize 
surface  antigens  on  other  Cram-posidve  bacterial  endospores  isolated  Erom  test  soils  and 
several  American  Type  Culture  Collection  (ATCC)  strairts.  It  did  not  react  with  soil 
eirtracts  that  did  not  contain  Pasteuria.  It  showed  no  cross-reactivity  wth  Mehidofyne 
i2,  h4e/oitiogync  males,  or  dec-living  nematode  cuticle  protein.  The  cnonoclcnal  anU'body 
biods  Pasievria  spore  coal  extiacts  (Stained  horn  pure  cultuie  and  from  sporc-laden  soil 
in  a dose  dependent  manner.  This  provided  the  basis  for  a quantitative  ELISA  of 
endospores  in  soil.  Signature  peptides  were  observed  on  immunoblcts  of  spore  antigen 
extracted  dom  soil.  Antibody  deieclioii  of  soil  spore  aotigeo  extracts  by  enqme-linhed 
immunosorbool  assay  (ELISA)  was  independent  of  soil  type  for  the  three  soils  tested. 
MAb  2A4ID 10  bound  spme  antigen  for  all  P.  penetrans  isolates  tested. 

• single  molecular  weight  peptide,  it  appears  that  the  MAb  recognizes  no  epitope 
distributed  do  a variety  of  molecular  weight  peptides.  Antigenic  ladders  of  four  biotypes 
(P20,  PIOO.  PI20  and  B4)  (Oosiendon>  ct  al.  1990)  all  differed  sotnewbtu.  However, 

idenuficsiion.  Comparison  of  the  profiles  does  suggest  that  pqrtide  distribution  and 
variations  In  rize,  possibly  a result  of  degree  or  type  of  glycosybtion.  may  play  a role  in 
host  preference.  Davies  et  al..  who  found  dlDercnccs  in  the  amount  and  nature  of  the 
proteins  among  ^rc  populations  with  studies  using  a polyclonal  antibody,  surest  these 


(Davies  el  al.,  1992). 


eivoble 


of  an  adhesin  epitope 


muliiplc  peptides  would  incmase  the  probability  of  miachmcni  to  a dynamic  host 
receptor.  Additionally,  the  antigenic  profiles  of  progeny  frcpm  spores  that  were  forciMy 
attached  (by  centifiigaiion)  and  propagated  on  foui  different  Melaldogym  populations, 
including  both  preferred  and  non-prefcrred  host  species,  were  not  significantly  altered 

difficult  to  attach  spores,  but  in  no  case  did  propagation  fail  eotirdy.  Forcible  ailachmenl 
and  subsequent  propagatioo  resulted  in  lirtic  apparent  change  to  the  immunogenic  profile. 
To  provide  deOnilive  results,  this  experiment  should  be  repealed  and  several  generations 
or  passages  evaluated.  Antigenic  gene  shuffling  occurs  within  many  parasitic 
populations.  Ao  ioununegenic  profile  mciely  represents  an  average  of  the  population  al  a 
single  point  in  time.  The  relative  functional  ambiguity  regarding  suitable  hosts  and  the 
ability  to  propagate  spores  on  non-preferred  hosts  follows  previous  research  and 
emphasizes  the  difficulty  undccsiajidiiig  the  dynamics  of  Pasiewla  and  nematode 
ecology.  However,  Ihc  observation  that  this  monoclonal  antibody  recognizes  a common 
cpiic^  shared  on  a number  of  Pa.wurtz  species  suggests  that  n common  epitope  exists 
which  is  common  and  unique  to  the  genus  Pasteufia, 

dirccUy  involved  in  attachment  or  comprises  o componcol  of  a peptide  involved  In 
recognition  and  altachmeni  lo  the  host.  Evidence  for  this  conus  as  a result  of  several 

to  the  surftce  of  infective  Meloulogym!  32.  This  was 


shown  by  ELISA  (In  a dos 


(tependcni  manner).  Far  Weslera  binning,  and  inmunoflnoresccni  microscopy.  Pasiearia 
bioiypc  P20  spore  exlracl  bound  lo  both  M.  arenaria  race  I and  M.  incogaila  race  3 
cuticle  cxtracis.  N-lerniinal  amino  acid  s&)iience  anoiysis  of  spore  coat  peptides  bearing 
the  MAb  2A4ID10  cptitopc  collectively  had  the  Breamsl  similarity  to  Caenirhabdilis 
eleffiru  proteins  and  displayed  a motif  wilh  homology  to  major  histocompatohity 
complex  (MHC)  Class  I gene  products.  They  bore  distant  homology  generally,  to 
PoAaryoles.  They  show  no  similarity  to  spore  coal  proteins  of  other  Giain-posidve 
Bacillus  ^p..  which  are  pbylogeneticaliy  close  rriatives.  This  is  an  unprccedcnled 

Oetic  specific  primers  were  developed  Bom  genomic  DNA  sequences  recently 
obtained  from  P.  pcmirans  P20.  Real-time  PCR  using  the  sIgE.  aipF.  and  .tpolUB  gene 
primer  pairs  allowed  differontialion  of  infected  versus  un-infected  MeloUogync  arenaria 
race  I in  crude  DNA  extracts  of  root-galls.  A nucleic  acid  based  detection  system 
sensitive  end  specific  for  the  detection  of  Pasleurla  vegetative  cellular  development  in 
die  host  will  compensate  fat  limliadons  in  immimo-detccdoo  of  pre-endospore  cells.  It 
can  also  be  used  to  validate  infecdon  when  spores  are  detected  in  the  environmenL 

Pasleurla  species  are  distributed  worldwdc  amongst  1 16  genem  and  323  species 
of  fiec-living.  predatory,  plant-parasitic,  and  entomopathogenic  nematodes  (Chen  and 

that  are  yet  to  be  discovered-  Today,  two  phyla;  the  ArUiropoda  and  Nematoda  have 

P.  ramoso.  is  the  type  srceics  for  the  genus  (Ebert  ct  al.,  1996).  Three  plant  parasitic 


described:  P.  thorn 


Prolylenchus  sp.;  P.  nishisiawac  a porasite  of  the  cysl  ncmaUxle.  Hmradera  ssp.  and 
Clobodera  spp..  and  P.  penelrans  which  iafecls  Mehidogyne  spp.  (Sayre  and  Starr. 
1 989).  At  east  one  isolate,  P.  penetrans  blotypc  B4,  infects  both  Praiylenchwi  sp.  and 
Mehidogyne  spp.  (Chen  and  Dickson,  1998).  Recemiy.  two  new  Pasieiiria  sp.  have  been 
described  from  the  ring  nematode  Crtconemella  spp.  and  the  sting  nematode 
Bclonolaimus  spp.  (Bekal  et  al..  2001 ) based  on  I6S  rONA  sequence  analysis. 

Pasieurla  ^lecies  have  historically  been  dlHetentiated  based  upon  host 
piefctence.  life  cycle,  ullrasuuetuie,  and  morphology  (Sayre  and  Shut,  1 989)  which  has 
led  to  considerable  confrision  regarding  its  taxonomy  (Chen  and  Dickson.  1998).  I6S 
rDNA  sequencing  has  been  used  to  phylogcnctically  place  exisling  and  newly  described 
species  (Anderson  el  al..  1999;  Atibalentja  el  al..  2000).  16S  rDNA  analysis  tiring  various 
paring  methods  finds  Pasleurlu  rooted  within  the  Clostrldium-BocUluS'^eptococcus 
branch  oflbe  Gtam-poslljveeubacieria  and  descended  from  the  Alitychbacillus  group  of 
the  Bacd/aceue  (Atitnlenlja  el  ol.,  2000).  Host  preference  between  P.  penetrans  biolypes 
is  not  differanliated  by  I6S  rDNA  sequence  analysis.  P.  penelrans  biolypes  P20  and 
PI  00  have  virtually  IndenlkaJ  I6S  rDNA  sequences  (Anderson  ei  al.,  1999).  Emerging 
molecular  phylogenetic  maikers  include  use  of  the  sIgE  gene  of  cndo^ie-foiming 
Gram.p08iljve  bacteria.  Sigma  Actors  are  transcriptional  rRNA  polymerase  regulalois 
produced  by  the  mother  cell  that  regulate  sporulation.  They  me  highly  conserved  within 
Clostridium  spp.  and  Bacillus  spp.  (Arcuri  et  at.,  2000).  Our  lirtding  that  P.  penelrans 
sIgE  gene  lies  In  cisde  with  these  two  genera  helps  to  esublish  the  evoiutioiiary 
relationship  between  Pasieurla  and  other  Gram-positive  spore-foimeis.  The  sporulation 


gcDes  including  sigE  may 


provide  a mu 


Pasteurui  once  gene  sequences  are  ubiained  fiom  ulber  iaolcues. 

ConiUcting  evidence  exists  tor  ncmaicxlc  phylogeny  as  a basis  for  host  specilicicy. 
Some  have  suggested  that  Meloidagyne  species  could  be  difTetenliaied  bused  upon  ^re 
bbding  of  distinct  populations  of  Pasieurla  (Otui  and  Ozawa,  1999).  Others  provide 
evidence  that  phylogeny  Is  not  a basis  for  host  qteciltcity  (Stilling,  1985)  (Dovics  el  al„ 
2001),  and  this  is  at  least  partially  explained  by  intra'generic  cuticle  heterogeneity 
(Davies  and  Redden,  1997).  Spore  attachment  has  been  observed  to  vary  100-fold 
between  Melouhgyru  populations,  but  evidence  was  not  provided  to  ^pport  a complete 
iach  attachmem  (Stirling.  1985).  Studies  here  showed penen-oru  biotype  P20  bound  all 
Mfhuhgyrv  spp.  tested  (M.  incogmia  race  1 and  3;  M.  arenarta  race  I and  2 and  M. 
javanico  race  1 1 but  with  difTerenl  alTtnities  a:  a 0.05  level  ofsignilicanee  by  single  factor 
ANOVA  analysis.  Host  preference  deviated  horn  the  predicted.  M.  imnaria  race  I is  the 
defined  host  for  biotype  P20  and  the  results  indicated  M.  arenarla  race  2 deinonstialed 
the  highest  level  of  attachment.  The  capacity  of  spores  to  attach  to  the  cuticle  is  not  a 
direct  iodicator  of  host  suitability  because  germination  is  requited  for  successftii  infeetion 
(Sayre  and  Wergin.  1977),  However,  poor  attachment  may  result  in  reduced  infection 
bccau.se  not  all  spores  will  successfully  germinate.  Unfortunately,  many  observations  of 
inUa-  and  inler-gencric  spoio  attachment  has  not  been  followed  up  with  propagation 
es  to  verify  infixtion  (Chen  and  Dickson.  1998). 

Herein  lies  the  talc  of  the  (wo  moving  largets.  The  ubiquity  of  Pasleuria  in 
node  ecology  and  ita  obligate  parasitism  has  undoubtedly  resulted  in  highly  evolved 
lanisms  of  “hide  and  seek"  in  regard  to  their  “host  and  parasite"  relationship  that  svill 


the  scieitiftc  litcratme  over  the  20  years.  Elucidation  of  the  biochemj 
moleculor  basis  for  recognition  and  artachmenl  may  provide  the  best  opp 
delermioing  and  classifying  host  preference  as  it  relates  to  biocontiol. 
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